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SYMBOLS AND ABBREVIATIONS 
km/h Kilometers per hour 
PL Plastic limit 
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m Meter 
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LONO Low pressure with zero load 
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GENERAL INTRODUCTION 
Soil compaction was defined as the reduction of the fractional air 
volume due to compression of unsaturated soil (Hillel, 1982). Erbach 
(1986) defined soil compaction as an increase in dry bulk density due to 
closer packing of solid particles and a corresponding reduction in pore 
space. Soil compaction is a potential problem in many agricultural soils 
due to the increasing mass of agricultural machines and the tendency of 
farmers to work fields when soils are wet. Compaction of soil occurs when 
ever there is an external force acting upon the ground (Raghavan et al. 
1976). Gupta and Larson (1982) described the effects of soil compaction in 
three ways: (a) decrease in air-filled porosity, (b) degradation of soil 
aggregates and (c) increase in the friction of soil to roots. Soil 
compaction can alter many characteristics of the soil such as moisture 
content, aeration, temperature, nutrient availability and soil strength 
(Jones and Bauder, 1983). By altering these properties, soil compaction 
can affect roots ability to absorb needed water and nutrients from the 
soil. Raney (1971) reported that the changes in porosity, density and 
strength of the soil due to machinery traffic can affect the content and 
movement of air, water, heat and nutrients in the soil. Soil compaction 
can effectively restrict plant development and hence the yield of the crop 
(Cooper et al. 1983). Significant reduction in yields of corn, wheat, 
cotton and other crops due to compaction was reported by Erbach et al. 
(1986), Phillips and Kirkham (1962), Barnes et al. (1971), Chancellor 
(1976); Chaplin and Rugg (1986); Raghavan and Mckyes (1978); Soane et al. 
(1982). Gill (1971) speculated that the annual loss in crop value due to 
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compaction in the United States may exceeded 1.0 billion dollars annually. 
This estimate does not Include additional cost associated with managing 
compacted soils. 
Voorhees et al. (1978) reported that wheel effects were alleviated by 
autumn tillage and natural weathering for 0 - 150 mm depth but they 
persisted at a greater depths. In the midwest, combines and heavily loaded 
wagons created deep sinkages in fields during the 1992 harvest season. 
This led farmers to delay implementation of conservation tillage and no-
till farming practices (Rutting season, 1992). The uneven terrain caused 
by deep sinkages in no-till fields make spring planting difficult and also 
the compaction could retard plant growth. Soil compaction if not removed 
could become a serious problem for seed germination, seedling emergence, 
root development, and plant growth. Some control measures can be taken 
such as controlling traffic or tillage to remove effects of compaction. 
Many implements have been used to loosen compacted soil, but in their 
design compaction depth was not considered so that the loosener would be 
controlled to go only as deep as needed. Also these implements till the 
whole width behind the tractor and not just the zone that has been 
compacted by traffic. A controllable device that would remove compaction 
immediately after soil has been trafficked by an agricultural vehicle is 
needed. 
Objectives 
The main objectives of this study were to: 
(1) develop an equation that relates required tillage depth to 
sinkage depth of a tire. 
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(2) develop a device to loosen compacted zone formed by tire paths of 
a tractor and to evaluate performance of the loosening device. 
Dissertation Format 
This dissertation consists of two papers. Each part is written in a 
manuscript format. 
Paper I focuses on the development of the equation that describes 
soil compaction depth and thus, the needed tillage depth, as a function of 
tire sinkage depth. Paper I also focuses on the verification of this 
equation by laboratory and field experiments. 
Paper II focuses on the development of the loosener, the tillage tool 
used to remove soil compaction, the use of the ultrasonic sensor in 
measuring tire sinkage depth and the assessment of the performance of the 
loosener. The assessment was based upon how closely the conditions of the 
soil after the loosener passes are to soil conditions before soil is 
trafficked. 
There is a general summary following the papers and references cited 
in the general introduction are listed following the general summary. 
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PAPER I. RELATIONSHIP OF TIRE SINKAGE DEPTH 
TO DEPTH OF SOIL COMPACTION 
5 
ABSTRACT 
A relationship between tire sinkage depth and compaction depth was 
developed from the literature describing previous research. Laboratory and 
field experiments were conducted to verify that relationship. For the 
laboratory experiment a universal testing machine was used with the aid of 
dimensional analysis and modeling theory to physically simulate compaction 
by a tractor tire. A metal plate of 100-mm width and 122-mm length was 
used to apply stresses of 25, 50, 100, 150 kPa to containers filled with 
soil at a range of soil water content. For the field verification a 
tractor with different tire inflation pressures and different loads was 
used to traffic the plots to create different sinkage depths. Bulk density 
difference was used as the measure of how deep the applied stress caused 
significant soil compaction in both the laboratory and field experiments. 
Based on previous research, laboratory findings, and the field experiment, 
compaction depth, Y, was found to be related to sinkage depth, X, by the 
empirical equation, Y-bX° where b and m are constants. 
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INTRODUCTION 
Soil compaction is a potential problem in many agricultural soils due 
to the tendency of farmers to work wet soils. When soil is compacted its 
bulk density tends to increase due to the closer packing of soil particles 
(Erbach, 1986). This bulk density increase reduces the porosity which 
intum can hamper plant growth if the new porosity is such that air-filled 
pores represent 10% or less of the total soil volume (Chancellor, 1979). 
Farmers use deep tillage implements to remove soil compaction, but they do 
not know exactly how deep they should operate the implement to effectively 
remove soil compaction. A method of determining compaction depth is 
needed. One of the clear signs of soil compaction in agricultural soil is 
sinkage formation. Campbell and Dickson (1984) reported that during 
seedbed preparation and sowing, tractor wheels can produce sinkages, making 
sowing uniformity difficult to obtain. The soil beneath the sinkages may 
be more compacted than the optimum for subsequent crop establishment, 
growth, and yield. Smith (1987) mentioned that bulk density, wheel sinkage 
and sinkage cross-sectional area were used as measures of the compactive 
effort of a vehicle. Chancellor (1979) reported that the volume of pore 
space lost from agricultural soil due to compaction by equipment is equal 
to the volume of the sinkages produced. He also reported that sinkages 
with low depth-width ratios tend to be associated with soil compaction near 
the surface and those with high depth-width ratios cause compaction at 
comparatively greater depth. This indicates that deep or shallow 
compaction can be detected by just looking at the sinkage depth made by the 
moving vehicle. But the relationship between the sinkage depth and how 
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deep the traffic significantly increased bulk density is not known. Bekker 
(1960) developed a semi-empirical soil stress-deformation relationship, in 
the form p-kz", where p is the load applied, z is the sinkage depth, k is 
an experimentally determined soil coefficient and n is the sinkage 
exponent, having a value of zero in purely plastic clay and unity in dry 
sand. 
Because soil compaction can be described by the increase in bulk 
density, it is logical to use this increase in bulk density to measure how 
deep the load applied caused significant soil compaction. There is need to 
know how much bulk density must increase to be significant. An assumption 
was made based on the accuracy of bulk density measurements. Erbach (1986) 
found that under favorable conditions, even with careful sampling 
procedures and a sufficient number of replications, accuracy of bulk 
density measurement is often no better than 0.05 Mg/m®. 
If the depth of compaction or depth of required tillage can be 
related to the tire sinkage depth, then it is possible to predict the depth 
at which the farmer must operate his loosener to effectively loosen the 
compacted zone. 
The objectives of this research are: 
(1) To develop an equation that relates required tillage depth to 
sinkage depth of a tire. 
(2) To verify the equation by laboratory and field experiments. 
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MATERIALS AND METHODS 
Equation Development 
Data for development of an equation that relates tire slnkage depth 
to the depth of soil compaction were taken from literature describing 
previous research by Smith and Dickson (1990). Sinkage depths resulting 
after the passage of a low-weight sprayer, a tracked-trailer, a tractor and 
sprayer, a tractor and a wheeled-trailer on a sandy loam soil were 25, 75, 
95, 100, and 126 mm, respectively. The water contents of the soil of the 
experimental site were 0.150 Mg/Mg at the surface and 0.240 Mg/Mg at the 
depth of 500 mm. The bulk densities of the nontrafficked soil were 
subtracted from those of the trafficked soils. The shallowest depth at 
which difference in bulk densities was less than 0.05 Mg/m' was picked as 
the depth to which tillage was needed to remove the effect of traffic. 
These depths were at 126, 280, 316, 316 and 316 mm for the respective 
slnkage depths. Sinkage depths and compaction depths corresponding to each 
load were plotted on a rectangular graph paper. The best fit for a 
straight line had an R® value of 0.84. To determine which family of curves 
the line may best approximates, when logarithms of the same data were 
plotted on a rectangular graph paper, the best straight line fit had an R^  
value of 0.87; that is, it shows a relationship of the form (Figure 1): 
Y - bX» (1) 
where Y is the depth to which tillage is to be performed to remove the 
compaction caused by the tractor passage and X is the depth of sinkage 
formed by the passing tractor. Constants b and m can be determined by 
performing linear regression analysis to obtain the best line of fit 
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through the data points (See Figure E.l Appendix E). 
Â laboratory experiment was conducted to understand the relationship 
between compaction depth and sinkage depth under controlled conditions. 
Because in the laboratory we can not practically use a tractor tire or 
evaluate an area of contact equal to that of the tire, dimensional analysis 
was used to help select the size of a small plate that physically models 
the real tractor tire (prototype). 
Dimensional Analysis 
It was assumed that sinkage depth created by the tractor tire depends 
upon the load applied by the tire, the length and width of the elliptical 
area of contact between the tire and the soil, and some soil characteristic 
such as modulus of elasticity (Figure 2). This functional relationship can 
be given by the following equation: 
X - f( P, «, b, E) (2) 
Where X is the sinkage depth, F is the load applied by the tractor 
tire, t is the contact length, b is the width of the contact area of the 
tractor tire, and E is the modulus of elasticity. The modulus of 
elasticity of the soil is chosen as a characteristic of the soil because it 
is related to the soil stress-strain relationship. The variables have the 
following dimensions: 
X - sinkage depth - L 
P - load applied by the tractor tire - F 
I - length of the area of contact - L 
b - width of the area of contact - L 
E - modulus of elasticity of soil - F L' 
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Using the well-known Buckingham Pi Theorem (Murphy, 1950 and 
Langhaar, 1951) and the method of inspection, three dimensionless Pi terms 
can be obtained as follows (See appendix B): 
«1 - X/b (3) 
Ha - P/E b^  (4) 
«s - f/b (5) 
Similarity requirements or model design conditions that relate the 
prototype to the model are: 
t / b  -  <n/b„ (6) 
P/E b'' - P„/E„ h J (7) 
and the prediction equation is: 
X/b - X./b. (8) 
With the assumption that the medium for both the prototype and the 
model was the same, it follows that E and E„ cancel. Then the length scale 
and load scale related as follows: 
P/P. - b» t'/tj (9) 
For a 18.4R38 rear tractor tire supporting a load of 13.2 kN and 
inflation pressure of 100 kPa, the length and width of the area of contact 
were found to be 500 mm and 410 mm, respectively (Munson and Erbach, 1992). 
Thus, a load of 785 N applied to a model plate of 122-mm length and 100-mm 
width will physically simulate the above tractor tire. The elliptical 
shape of the plate was selected because Bekker (1969) determined that 
reliable vehicle performance prediction could be obtained if the size of 
soil measuring plate and the load distribution on the plate are identical 
to the contact area and load distribution of the vehicle. He also 
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mentioned that rectangular, circular, or elliptical penetration plates of 
various aspect ratios could be used to get maximum reliability of 
prediction because the ground contact areas of the vehicle are rectangular 
(tracks and rigid wheels), circular or elliptical (pneumatic tires). 
Equation Verification 
Experiment 1 
For the equation verification, a laboratory experiment was conducted 
using a universal testing machine, Instron model 8501', to simulate the 
loads applied by the vehicle in the field. Forty five cylindrical plastic 
containers of 300-mm diameter and 440-mm height were filled with fine-
loamy, mixed mesic Typic Haplaquolls (Webster silty clay loam) soil of 34% 
sand, 28% silt and 38% clay. One-third of the containers were filled with 
soil at each of three moisture contents: 0.094, 0.160 and 0.206 Mg/Mg. The 
lower plastic limit, PL, of the soil is 0.252 Mg/Mg. The lower plastic 
limit was determined according to the standard procedure of the American 
Association of State Highway and Transportation Officials (1978). 
A randomized complete block design with three replications was used. 
Each replication consisted of 15 containers with three moisture contents. 
The three levels of moisture were obtained by mixing ground soil of a known 
weight in a concrete mixer with the required amount of water added in a 
mist form to avoid ball formation and to achieve uniformity. The 
containers were then filled with the mixed soil and covered with plastic 
bags to avoid moisture loss and to help in reaching equilibrium. To obtain 
'Mention of companies or commercial products does not imply recommendation 
or endorsement by the USDA or Iowa State University over others not mentioned. 
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Initial soil density conditions, each container was dropped five times from 
a height of 200 mm onto a concrete floor. 
Four loading treatments and a control were assigned at random to each 
of the five containers of the same moisture content of each replication. 
The load treatments were obtained by applying contact pressures of 25, 50, 
100, and 150 kPa to the soil samples by using an elliptical plate with 
dimensions determined by dimensional analysis. This plate, used to model 
the tractor tire, was attached to the hydraulic actuator of a universal 
test machine (Instron Model 8500). The machine was operated in load 
control mode. The load was sensed with load cell (Interface Model 1010 -
AF). The capacity of the load cell was 22.24 kN. A program written in 
Basic was used to control the magnitude of the load and the length of time 
the load was applied. 
It was assumed that the speed of the tractor was 1 km/h. The length 
of the area of contact of the tractor tire was 500 mm. It takes 1.8 
seconds for the tractor to go 500 mm at 1 km/h. Therefore 1.8 second was 
used as the loading time. 
Undisturbed samples were taken from the control containers to 
determine initial bulk density. After the loads were applied to the soil 
in the containers, sinkage depths created by the load applying device were 
measured by use of a hand rule and recorded. Core samples for bulk density 
determination were taken from the compressed soil surface in 50-mm 
Increments to a depth of 250 mm. Samples for bulk density determination 
were taken by using a tractor mounted core sampler (Buchele, 1961). 
Samples were weighed to determine wet weight and put into an oven at 105® C 
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for 72 hrs. Dry weight was measured and bulk densities and water contents 
were calculated. 
The bulk density values from the control container were subtracted 
from the bulk density value for each compaction treatment. The shallowest 
depth at which difference in bulk densities was less than 0.05 Mg/m' was 
picked as the depth to which tillage was needed. 
The R' value and the data fitting technique were used as procedures 
to show the relationship between compaction depth and tire sinkage depth. 
The sinkage depths with their corresponding tillage depths were then 
plotted on a rectangular graph paper. The logarithm of the values were 
also plotted on a rectangular graph paper for slope and intercept 
determination. 
Experiment 2 
The equation relating compaction depth to sinkage depth that was 
previously verified by a laboratory experiment was also verified with a 
field experiment on a fine-loamy, mixed mesic aquic Hapludolls (Nicollet 
loam) soil with 38.3% sand, 38.9% silt and 22.8% clay at the Agricultural 
Engineering Research Center west of Ames, Iowa. The lower plastic limit of 
the soil of the experimental site was 0.197 Mg/Mg. 
A White Model 160 tractor with rear tire size of 18.4R38, was used to 
traffic the plots at speed of 6.4 km/h. The tractor tires were inflated to 
pressures of 165.5 kPa, 124 kPa and 82.75 kPa. Loads of zero, 8.9 and 
17.80 kN were added to the tractor at the three point hitch. The range of 
inflation pressures and loads were used to obtain different sinkage depths. 
The total weight of the tractor without any load added to it was 
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79.04 kN, of which 49.38 kN was on the rear axle and 29.66 kN on the front 
axle. The total load of the tractor with a load of 17.8 kN at the three 
point hitch point was 96.84 kN, of which 84.12 kN was on the rear axle and 
12.75 kN on the front axle. The total load of the same tractor with a load 
of 8.9 kN at the three point hitch was 87.94 kN, of which 63.96 kN was on 
the rear axle and 23.98 kN on the front axle. 
A 3x3 factorial experiment with three levels of tire inflation 
pressures and three levels of loads added to the three point hitch of the 
tractor was used. The treatment combinations were assigned randomly among 
nine plots 6 m wide by 10 m long within each of the three replications. 
Sinkage depths formed were measured by use of ultrasonic sensors as 
the treatments were applied. Immediately after that, sinkage depths were 
also measured by use of a surveyor's level and recorded. Bulk density 
samples were taken as in the laboratory experiment with the exception that 
core sampling was to a depth of 500 mm. Undisturbed samples were taken 
from sinkage and from nontrafficked areas. Sinkage depths with their 
corresponding compaction depths were obtained as described above and were 
plotted on rectangular graph paper. Logarithms of the compaction depth 
and sinkage depth values were calculated and plotted on rectangular graph 
paper for slope and intercept determination. 
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RESULTS AND DISCUSSION 
Experiment 1 
Statistical analysis showed that soil bulk density was significantly 
affected by soil moisture content at time of compaction and by stress 
applied (Table D.l). Sinkage depth and compaction depth were significantly 
(1% level) affected by both soil water content and applied stresses (Tables 
D.2 and D.3). There was no significant interactive effect between water 
content and stress applied for compaction depth but there was for sinkage 
depth. As the water content increases both sinkage depth and compaction 
depth increase (Table 1). It was also shown that as the applied stress 
increases sinkage depth and compaction depth increase. This is true for 
all levels of soil moisture content. 
The R® value for the line fitting data points was used as a criteria 
for selecting the best line of fit. Curve fitting was done in accordance 
with standard techniques (Mode, 1953). Sinkage depths and compaction 
depths were plotted on a rectangular graph paper with simple regression 
line drawn through the data points. The best lines of fit were obtained 
with R' values of 0.81, 0.71 and 0.91 for the soil water contents of 0.094, 
0.160 and 0.206 Mg/Mg, respectively. To determine which family of curves 
the lines may best approximate, logarithmic values of sinkage depth and 
compaction depth were calculated and plotted on rectangular graph paper 
with best line of fit obtained. The linear lines fit the data points with 
R^ 's of 0.84, 0.92 and 0.98 for soil water contents of 0.094, 0.160 and 
0.206 Mg/Mg, respectively (See Figures E.2, E.3 and E.4 Appendix E). The 
curves of the best fit for logarithmic data were represented by the 
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equation: Y-b+mX. This Indicates that the curves show the relationship, 
Y-bX". The curves generated with this equation are shown on Figures 3, 4 
and 5 for the three soil water contents considered. The curves show that 
compaction depth increases as slnkage depth increases. The composite data 
for all water contents was also plotted on a rectangular graph paper and 
simple regression made for the data points. The best line of fit was 
obtained with value of 0.71. When logarithms of the data points were 
plotted with the best line of fit drawn, an R' value of 0.82 was obtained 
(See Figure E.5 Appendix E). This Indicates that the data could be 
represented by the relationship Y-bX" (Figure 6). 
Table 2. shows that with two standard deviations that gives a 
confidence coefficient of 95%, neither the intercepts nor the slopes seemed 
to be affected by the soil water contents considered. This Indicates that 
despite the difference in soil water contents, the Intercepts and the 
slopes were not different. Thus a single equation relating compaction 
depth to slnkage depth can be formed regardless of the soil water content. 
These findings can be applied for soil of same textural class at any 
workable soil water content. Soil water content that causes the vehicle to 
make deep sinkages was not considered because the farmer will not till his 
field at this soil water content. But if soil is wet at harvest this 
condition could occur. 
Experiment 2 
For the field experiment, both slnkage depth and compaction depth 
were significantly (1% level) affected by the stress applied (Tables D.4 
and D.5). 
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As the applied stress Increases, slnkage depth and compaction depth 
Increase, confirming previous results, namely those obtained from the 
laboratory experiment. The data points obtained were plotted on 
rectangular graph paper and with a fitted simple regression line. The 
fitted line had an R' value of 0.42. When the logarithmic values of the 
slnkage depths and compaction depths were calculated and plotted on 
rectangular graph paper with best line of fit made, a linear line with an 
R^ - 0.50 was obtained (See Figure E.6 Appendix E). This again indicates 
that as the slnkage depth, X, Increases, the required depth of tillage, Y, 
to remove the soil compaction increases in a power function relationship, 
Y-bX" (Figure 7). 
The data points for compaction depth vs slnkage depth obtained from 
the laboratory experiment seem to fit better than these data obtained from 
the field experiment. This could possibly be due to the uncontrollable 
variations associated with the field experiment, relative to the laboratory 
experiment where many factors can be adequately controlled. 
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CONCLUSIONS 
The following conclusions were drawn from this study and are expected 
to apply to soils of similar textural classes: 
* From previous research and the findings of this study compaction 
depth, y, was found to be related to sinkage depth, X, by the 
equation, Y-bX". 
* A laboratory experiment with Webster silty clay loam soil showed 
compaction depth, Y, to be related to sinkage depth, X, by 
Y-52.SX"^  ^with R® of 0.82. A field experiment on Nicollet loam 
soil showed compaction depth, Y, to be related to sinkage depth, 
X, by Y-13.9X®" with R' of 0.50. 
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Table 1. Slnkage depth and compaction depth that resulted from the applied 
stress on a Webster sllty clay loam soil at three water contents 
of the laboratory experiment 
Tire inflation 
Soil water pressure Slnkage depth Compaction depth 
content (Mg/Mg) (kPa) 
Mean Standard Mean Standard 
(mm) deviation (mm) deviation 
(mm) (mm) 
25 2.7 0.9 63.5 12.7 
0.094 50 2.7 1.0 93.1 32.0 
100 8.5 1.8 122.8 36.7 
150 14.3 1.6 160.9 38.8 
25 4.2 0.9 63.5 22.0 
0.160 50 8.0 5.7 105.8 19.4 
100 24.9 3.3 135.5 19.4 
150 47.6 11.1 160.9 19.4 
25 11.6 1.8 101.6 25.4 
0.206 50 24.3 8.2 143.9 38.8 
100 43.7 5.0 177.8 25.4 
150 64.6 5.1 220.1 7.3 
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Table 2. Intercepts and slopes of the regression lines as affected by 
soil water content of the laboratory experiment 
Soil water 
content (Mg/Mg) b+ SE* m® SE 
0.094 1.67' 0.08 0.46 0.13 
0.160 1.63 0.01 0.35 0.02 
0.206 1.51 0.06 0.46 0.08 
* Logarithm of the intercept of the linear line with y axis. 
* The slope of the linear line. 
* The standard error. 
' Values of constants valid only if measurements are in mm. 
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1. Compaction depth vs tire rut depth for sandy loam soil. 
(Compaction depth is the depth at lAich traffic increased bulk 
densi^  by 0.05 Mg/a*) 
\ 
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X - f(P, I, b, E) 
Z - rut depth - L 
P — load applied by the tractor tire - F 
I " length of the area of contact - L 
b - width of the area of contact - L 
E - modulus of elasticity - FL** 
Figufe 2. Dimensional analysis variables 
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Figure 3. Compaction depth vs tire rut depth for soil with 0.094 Mg/Mg 
water content for laboratory experiment. (Compaction depth is 
the depth at which traffic increased bulk density by 0.05 Mg/m*) 
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Figure 4. Compaction depth vs tire rut depth for soil with 0.160 Mg/Hg 
water content of the laboratory experiment. (Compaction depth is 
the depth at which traffic increased bulk density by 0.05 Mg/m') 
\ 
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Figure 5. Compaction depth vs tira rut depth for soil with 0.206 Mg/Mg 
water content of the laboratory experiment. (Compaction depth Is 
the depth at which traffic Increased bulk density by 0.05 Mg/mf) 
\ 
27 
2S0 
200 
& 150 
g 100 Q* 
Y - 52.50 
0.82 
so 40 10 20 30 60 10 0 
Sinkage depth (mm) 
Figure 6. Compaction depth vs tire rut depth for the composite data o£ 
the laboratory experiment. (Compaction depth is the depth at 
which traffic Increased bulk density by 0.05 Hg/wP) 
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Figure 7. Compaction depth vs tire rut depth for the composite data of 
the field experiment. (Compaction depth is the depth at which 
traffic increased bulk density by 0.05 Mg/m*) 
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PAPER II. DEVELOPMENT OF THE SOIL COMPACTION LOOSENER 
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ABSTRACT 
A double layer soil compaction loosener was designed to remove soil 
compaction caused by traffic. Four shanks each of which have a length of 
940 mm and a cross sectional area of 76x25 mm were used. A point 152 mm 
long and raked at an angle of 45° was welded to the base of each shank. A 
wing, parallelogram in shape with a base of 178 mm and height of 64 mm, was 
attached to the inner side of each point at an angle of 45® and a rake 
angle of 25°. The performance of the loosener was assessed by using it to 
till trafficked plots to the depth given by Y-bX", where Y is the 
compaction or tillage depth, X is the tire sinkage depth and b and m are 
constants with values of 52.5 and 0.32 respectively for Webster silty clay 
loam soil and 13.9 and 0.73 respectively for Nicollet loam soil. Cone 
index and bulk density before and after compaction and after tillage with 
the loosener were measured. Tillage of the trafficked soil to the depth 
given by the above equation using the soil compaction loosener reduced bulk 
density from 1.48 Mg/m' to 1.26 Hg/m' and the cone index from 406 kPa to 55 
kPa. 
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INTRODUCTION 
Scientists have recommended farm management practices to control 
traffic and avoid soil compaction. Jones and Bauder (1983) reported that 
reduction of secondary tillage operations and addition of organic matter to 
the soil can be used as management practices to minimize or eliminate soil 
compaction. Soane et al. (1987) also reported that the rate of 
recompaction was least with controlled traffic and increased with random 
traffic. All previously mentioned control measures are preventive 
measures. Once compaction has occurred preventive measures are of little 
use and the greatest need is to remove the compaction. Deep tillage was 
defined as any tillage operation deeper than is normally done by 
conventional tillage for a given area (Spoor 1986). Deep tillage is 
frequently conducted to loosen, fissure, and rearrange compacted subsoils 
and surface pans (Spoor and Godwin, 1978). A wide range of Implements 
including chisel tines, moldboard plows, slip plows, subsoilers, slant 
tines and oscillating tines have been used to remove soil compaction 
(Spoor and Godwin, 1978). Deep loosening followed by one or more shallower 
cultivations may be suitable for loosening deeply compacted soils (Soane et 
al. (1986). Soane et al. (1986) used a combination of winged subsoiler and 
moldboard plow as a deep loosening device on a compacted soil. Soane et 
al. (1987) used a power-driven rotary-tine Wye Double Digger and a rigid 
tine winged subsoiler as subsoil loosening devices. They found that the 
Double Digger consistently produced the greatest clod breakdown together 
with the least soil bulk densities and cone penetration resistance. Double 
depth moldboard plows have been used in Australia and Russia for deep 
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loosening (Warboys et al. 1976). Flows capable of simultaneously plowing 2 
to 3 layer down to 40 to 60 cm depth were used as deep loosening equipment 
(Zabashtanskic, 1973). In heavy clays of eastern counties of England, 
moldboards plus tines were used as a subsoiling practice to alleviate plow 
pans but this method has a high draft requirement (Warboys et al. 1976). 
Soane et al. (1986) conducted an evaluation of deep loosening, surface 
cultivation, and drilling incorporated into a one-pass system to see 
whether the effect of loosening will remain to benefit the next crop. They 
found that the combination of deep loosening with other field operations 
will benefit the coming crop. The Ukrainian Research Institute for 
Agricultural Engineering and Electrification (1992) described a double-deck 
loosener as a new implement for deep loosening up to 700 mm. The loosener 
has several versions of adjustment, each version was made to suit 
particular field conditions. Pidgeon (1983) developed a slant legged soil 
loosener called 'Paraplow'. When it is pulled through the soil, soil flows 
over the slant legs and is loosened by lifting and failure in tension. The 
implement was effective in removing compaction and in increasing water 
infiltration rates while leaving surface residues undisturbed. Erbach et 
al. (1992) conducted an experiment to evaluate 'Paraplow', no-till, chisel 
plow and moldboard plow systems. They concluded that all tillage tools 
reduced bulk density and penetration resistance to the depth of tillage. 
However, after planting only the soil tilled with the 'Paraplow' remained 
less dense than before tillage. 
Subsoiling is deep tillage to depths greater than ordinary plowing, 
usually 16 to 36 inches (Jones and Bauder, 1983). The above mentioned 
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tools for deep loosening were used to alleviate soil compaction. However 
In most cases, loosened plots, which had subsequently been plowed and 
worked into a seedbed, recompacted to densities greater than in the 
undisturbed profile (Soane, 1986). 
Working-depth control of a tillage implement is very important for 
effective weed control, favorable seed germination, and energy conservation 
(Gunderson et al. 1981). Draft increases sharply with depth of subsoiling 
(Wolf et al. 1981). 
The working depth of tillage equipment and the operating height of 
other agricultural machinery are usually controlled by gage wheels or 
skids. Electro-mechanical, automatic control, and ultrasonic devices has 
been used in controlling working depth of agricultural machinery. Fask et 
al. (1973) used an electro-mechanical device made up of micro-switches and 
mechanical sensors to automatically control the height of the cutterbar of 
a combine harvester. 
Ultrasonic sensors have been widely used in agricultural 
applications. Leonard and Maki (1990) used an ultrasonic sensor in 
measuring distance to ground surface and a microprocessor to process sensor 
data and control solenoid hydraulic valves to provide automatic control of 
the cutterbar height of a grain harvester. The results obtained were 
satisfactory. Paulson and Strelioff (1980) developed a ski-wheel sensor to 
measure tillage depth. They also developed a high frequency ultrasonic 
transducer to measure tillage depth and a control system to automatically 
adjust the working depth. In comparing the two sensors, the ultrasonic has 
the advantage of being a non-contact sensor with no moving parts, and 
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should therefore prove to be the more reliable depth measurement system. 
Gunderson et al. (1981) tested three tillage depth measuring systems: 
ultrasonic, ski and ski-wheel. They concluded that ultrasonic sensors are 
more reliable to use for measuring tillage depth because they offer a good 
combination of accuracy, robustness, non-contact with the ground surface, 
and the ability to handle harsh operating conditions. Bailey et al. (1974) 
used ultrasonics in an automatic controller to position the end of a 
loading boom of a potato harvester and significantly reduced potato 
bruising. Yasln et al. (1991) used a microprocessor based non-contact 
ultrasonic sensor to measure tillage depth. The sensor was tested on 
concrete, grass, wheat stubble, light disk stubble and disked surfaces. 
They found that grass compared to concrete surfaces gave higher errors. 
Large coefficient of variations were observed while operating in standing 
stubble. 0'Sullivan (1986) evaluated a non-contact proximity transducer 
over various types of targets. He stated that the proximity transducer 
might be used In control of spray boom altitude by monitoring Its height 
above the ground 
Deep tillage has been used by many farmers, some feel they have 
gained benefit from it while others seems to have gained no benefit from it 
at all. This indicates that subsolling by the existing deep tillage 
Implements achieved only a limited soil loosening effect and had the 
disadvantage of requiring high tractive power. 
The control of the working depth of the tillage implement Is very 
important, but farmers usually perform tillage without knowing how deep 
they should till; besides tillage equipment is not usually equipped with 
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sophisticated depth control devices that Indicate tillage depth. Â tillage 
tool that tills as deeply as needed or tills only the compacted zone has 
yet to be developed. 
The main objectives of this research are: 
(1) to develop a loosener to remove soil compaction caused by 
trafficking soil. 
(2) to assess the effectiveness of the loosener in reducing soil 
compaction by studying the soil conditions before and after 
compaction and after tillage with the loosener. 
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MATERIALS AND METHODS 
Machine Design 
Design concent 
The design concept for the soil compaction loosener is based on 
selected principles reported by Spoor (1975), Godwin et al. (1976), Spoor 
and Godwin (1978), Godwin and Spoor (1977) and Godwin and Spoor (1981). 
The principles can be summarized as follows: 
(1) Loosening the soil surface layer ahead of a deep tine by using 
shallow tines reduces the upward flow resistance, thus reducing power 
requirement. 
(2) Addition of wings or sweeps to the working tines plays a major 
role in lifting the soil. 
(3) The loosening device is to till only as deep as needed, or only 
the compacted zone. 
Tine Configuration 
Pressure that develops between a tire and the soil surface is not 
uniform over the contact area but is generally greater near the center and 
decreases towards the edges (Smith, 1987). Reaves and Cooper (1960) 
conducted a field experiment to investigate stress distribution in soils 
under tractor loads. They reported that the maximum stress occurred under 
the center of both tire and track and decreases from this point both 
laterally and vertically. Intense and deep stresses are expected to be at 
the center. Classical soil mechanics also indicated that the pressure 
distribution under the tire is a bulb in shape indicating that pressure is 
high at the center and decreases with depth and at the edges. 
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Spoor and Godwin (1978) concluded that the attachment of wings to 
the tine foot and the use of shallow tines to loosen the surface layers 
ahead of the deep tine increases soil disturbance, reduces the specific 
resistance and allows more effective soil rearrangement. Based on the 
findings of Spoor and Godwin the configuration of having shallow sweeps 
working ahead of deep sweeps seems to be the most logical arrangement. 
The removal of the compaction from the surface layer with the shallow 
leading sweeps will leave the surface layer loose enough that the 
resistance to upward movement of soil loosened by the deep sweep would be 
small. Thus, the total compacted soil profile will be loosened by 
multilayer tillage. Based on the findings of the above researchers, a 
configuration of two shallow sweeps working ahead of or behind a deep sweep 
was selected. 
Tool design 
Three tools were designed, including two shallow sweeps leading one 
deep sweep (Figure 1); a shallow plate leading a deep plate (Figure 2); and 
a shallow double 'Bentleg' leading deep double 'Bentleg' (Figure 3). 
Although these tools are shaped differently, they work similarly. The 
three tools were tested on dry and wet soil in an indoor soil bin 8 m long, 
1.5 m wide and 0.5 m deep to study the lifting action of each tool. Both 
the plate and 'bentleg' designs did a good job in removing the track left 
by a small tire. The two shallow sweeps leading one deep sweep resulted in 
better sinkage removal than the other designs with the exception that the 
outside wings of the shallow sweeps resulted in heaping the soil side ways. 
Also, a groove was formed at the center of the erased track by the shank of 
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the deep sweep. To eliminate these problems, the configurations of the 
sweeps were changed to two shallow sweeps leading two deep sweeps with the 
outside wings removed (Figure 4). When this modified version was tested in 
dry soil in the bin, the results were promising enough to adopt this design 
for field testing. 
Tool geometry 
The tool consisted of four shanks, each of which have a length of 940 
mm and a cross sectional area of 76x25 mm. A point 152 mm long and raked 
at a rake angle of 45" was welded to the base of each shank (Figure 5). A 
wing, parallelogram shape with a base of 178 mm and height of 64 mm, was 
attached to the inner side of each point at an angle of 45® and rake angle 
of 25°. The 25" rake angle was used because Spoor and Godwin (1978) used 
it to increase upward movement of soil. Harrison (1982) and Harrison and 
Pand (1991) used the same angle to decrease draft force, and Payne and 
Tanner (1959) also used it to decrease draft force. 
The attached wing made an effective width of cut of 133 mm. The two 
wings of the adjacent shanks with zero clearance at the edges made a width 
of cut of 266 mm. The wing lift height was 76 mm which is within the 
acceptable range of 60-110 mm for a wide range of field conditions when 
deep loosening was possible (Spoor and Godwin, 1978). Shanks were 
sharpened to avoid heaping the soil side-ways and to prevent a soil body 
moving with the shanks (Payne, 1956, Zelenin, 1950; and Reaves et al. 
1958). 
Tines working depth 
The working depth of the tines is the required depth of tillage to 
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remove the compaction made by the trafficking vehicle. It can be 
determined by using the equation that relates compaction depth to the 
slnkage depth developed in Paper I. The slnkage depth can be measured by 
the ÂGâSTâT ultrasonic proximity sensors (PLEBMISQDLP, Electro Corporation, 
Sarsota, FL)'. This sensor has a transmitter that sends sound, a receiver 
to receive the reflected sound when it hits a solid object, and a built-in 
microprocessor. The sensor is connected to a PC AQUISITER model FCÀ48SCPD 
to read the digital output that can be converted to actual distance by 
calibration. With the slnkage depth known, most favorable working depth 
can be determined. 
Field Evaluation 
The soil compaction loosener was evaluated in a field experiment by 
tilling soil beneath sinkages with a range of depths. Measurements of bulk 
density and penetration resistance taken before traffic, after traffic, and 
after tillage with the soil loosener were used to evaluate the perfomnance 
of the loosener. 
Slnkage depth 
Instrumentation The slnkage depth of the tractor tire was measured 
by considering the vertical distance between the drawbar and the soil 
surface. Slnkage depth of the tractor tire was measured with two AGASTAT 
ultrasonic proximity sensors. The sensor was composed of three subunits, a 
transmitter, a receiver and a built-in microprocessor. All components are 
enclosed in a single module of dimensions 117mm x 49mm x 45mm. The 
M^ention of companies or commercial products does not imply recommendation 
or endorsement by the USOA or Iowa State University over others not mentioned. 
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ultrasonic sensor uses 12-V DC input voltage and gives 4 to 20 mA current 
output at 275 Q maximum load impedance. The transmitter sends sound which 
is reflected from an object and received by the same module. As soon as 
the signal is received, it is amplified and filtered. The time for the 
signal to travel to the object and return is related to the distance 
travelled. 
The analog output signals of the ultrasonic sensors were fed into a 
PC AQUISITER (PCA48SCPD DIANACHART INC. Rockway, New Jersey) for digitizing 
and processing. The PC AQUISITER accepts independent current signal from 
each ultrasonic sensor. A portable computer model ZTC-3034-MO Zenith Data 
Systems with software for collecting and storing data from the ultrasonic 
sensors was connected to the PC AQUISITER. The sensors were fitted into a 
PVC pipe 78 mm inside diameter and 230 mm in length to protect it from dust 
and physical damage. The sensor was fixed in the pipe with its outlet 76 
mm above the open end of the pipe. 
Slnkage depth measurement Different sinkage depths were made by 
varying the inflation pressure of tractor tires and loads on a White 
tractor model 160 with rear tires 18.4R38. Three inflation pressures of 
82.8 kPa, 124.0 kPa and 165.5 kPa and total loads on rear tire of 24.70, 
32.00 and 42.10 kN were used to create different sinkage depths in the 
field. 
A 3X3 factorial experiment with three levels of tire inflation 
pressures and three levels of loads added to the three point hitch of the 
tractor was used. The factorial combination of treatments were randomly 
assigned to nine plots 6 m wide by 10 m long within each of the three 
41 
replications. 
The two ultrasonic sensors were mounted to the tractor drawbar at a 
height within the operating range of the sensors. Â portable John Deere 
generator was carried on the tractor to supply the sensors, the computer, 
and the PC AQUISITER with power during the measurement. The tractor at 
each treatment combination was parked on a uniform level surface (Figure 
6). The voltage output at this position was recorded. The vertical 
distance from the sensors to the level surface was also measured manually 
and recorded. The tractor was then used to traffic the plots at a speed of 
6.4 km/hr. The vertical distance between the soil surface and the sensors 
with the tractor on soft soil decreased due to the sinkage of the tires 
into the soil (Figure 7). The current signals of each sensor from each 
trafficked plot was recorded and stored on a computer disk. Data were 
collected every second during the trafficking. The values collected during 
the trafficking were then subtracted from the values recorded when the 
tractor was parked on the level surface. The differences were multiplied 
by calibration factor to convert to distances and used as sinkage depths. 
Tillage depth 
To determine how deep the loosener should be operated, the following 
equation which was developed in Paper I was used. 
Y - 13.9 X 
Where Y is the compaction or tillage depth and X is the tire sinkage depth. 
Before tillage was performed on each plot, average sinkage depth for 
that plot was substituted into the equation to determine the depth of 
needed tillage. The gage wheels were then adjusted to set the deep shanks 
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at the required depth of tillage. The shallow shanks were set to till 3/4 
the depth of the deep shanks. This setting was selected because the 
preliminary testing indicated that this arrangement resulted in better 
tillage performance. The shanks were positioned so that the spacing 
between the edges of adjacent wings was 50-mm. This spacing was selected 
because preliminary testing indicated that spacing less than 50 mm resulted 
in clogging while spacing more than 50 mm left an untilled strip of soil 
between the shanks. The loosener was then used to till the sinkage to the 
required depth at a speed of 6.4 km/hr. 
Samples for bulk density were taken from each plot before traffic, 
after traffic and after tillage with the loosener. A powered core sampler 
(Buchele, 1961) was used to collect samples in 50-mm increments to a depth 
of 500 mm. Penetration resistance was also taken before traffic, after 
traffic, and after tillage with the soil loosener. Measurements were made 
to a depth of 500 mm in 50-mm increments by using a hand-held penetrometer 
(Weight and Test System, Model FD 127). Penetration resistance readings 
were converted to cone index by dividing the penetration resistance values 
by 320 mm^  which is the area of the cone of the penetrometer used in the 
experiment. 
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RESULTS AND DISCUSSION 
Slnkage Depth 
Statistical analysis showed that slnkage depths were significantly 
(1% level) affected by tire Inflation pressure and load applied (Table 
D.8). Whereas the interaction between tire inflation pressure and load 
applied was not statistically significant. 
Table 1 summarizes the slnkage depth data collected with the 
ultrasonic sensor for a tire inflated to 165.5, 124 and 82.8 kPa and with 
total loads on one rear tire of 42.10, 32.00 and 24.70 kN. Tire Inflated 
to 165.5 kPa with total loads of 42.10, 32.00 and 24.70 kN formed slnkage 
depths of 18.9, 17.9 and 36.5 mm respectively. This Indicates that for any 
given tire inflation pressure, slnkage depth seems to be Inversely related 
to the applied stress. Slnkage depth measurements made with the sensor do 
not seem to agree with the those made with the surveyor's level (Appendix 
F.l). Usually heavy loads are expected to form slnkages deeper than light 
loads at same given inflation pressure. A possible explanation is that 
adding loads to the three point hitch of the tractor caused the tractor to 
tilt back. This resulted in the sensor reading higher values for light 
loads and lower values for heavy loads. 
There was some variability associated with the sensor readings. 
These might be due to the unevenness of the soil surface, grass cover 
(Yasin et al. 1990), and to the bouncing of the tractor as it trafficked 
the plots. The grass cover height varied from zero to 50 mm in the 
experimental field. 
Statistical analysis showed that in these experiments the inflation 
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pressure and load treatments had no significant effect on cone index (Table 
D.6). Â significant difference (1% level) existed among cone index 
readings taken before traffic, after traffic, and after tillage with the 
soil loosener (Table D.6). 
Table D.7 showed that the inflation pressure and load treatments had 
no significant effect on soil bulk density. The state of whether the plot 
was trafficked, nontrafficked or loosened significant effect (6% level) on 
soil bulk density measurements. The interaction of the state with 
inflation pressure and load treatments also showed significant difference 
(6% level) in soil bulk density measurements (Table D.7). 
Penetration Resistance 
Samples for pentration resistance were taken to the depth of 500 mm. 
Data used for statistical analysis were taken up to the depth of 250 mm. 
This depth was considered because it was the maximum loosener operating 
depth. Throughout the depth of tillage cone index of the loosened plot was 
significantly less than that of both the trafficked and nontrafficked 
plots. Cone index of the trafficked plot was not significantly different 
from the nontrafficked plots (Figure 8). To understand the reason for 
this, soil water content of the trafficked and nontrafficked plots were 
plotted on Figure 9. The Figure shows that water content of the trafficked 
and nontrafficked plots were not significantly different, but loosened plot 
had significantly less water content than both the trafficked and 
nontrafficked plots. Thus the reason for the cone index of the trafficked 
plot not to be greater than that of the nontrafficked plot was 
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unexplalnable. Further experimentation would be required to determine if 
this actually occurred. 
Bulk Density 
Samples for bulk density were taken to the depth of 0,50 m. Because 
the loosener did not till deeper than 0.25 m, therefore, only data taken up 
to this depth were used for statistical analysis. Tire inflation pressure 
and load treatments did not seem to have an effect on soil bulk density. 
The state of whether the plot was trafficked, nontrafficked or loosened 
showed significant (6% level) effect on soil bulk density (Table D.7). 
Figure 10 showed that the trafficked plot had the highest bulk density 
followed by the nontrafficked plot. The loosened plot had the lowest bulk 
density to a depth of 0.25 m. 
Because tire inflation pressure and load treatments did not show 
significant effect on soil bulk density, it was worthwhile to look at some 
of the individual figures that show the effect of the soil loosener on soil 
bulk density of the plots trafficked with tire inflated to 165.5 kPa and 
with loads of 42.10, 32.00 and 24.70 kN added to the three point hitch of 
the tractor. The results were summarized in Figures 11, 12 and 13 
respectively. To the depth of tillage, as shown in each figure, the 
loosened plots were less dense than the trafficked and nontrafficked plots. 
The trafficked plots had the highest bulk density. Figures 14 and 15 show 
the effect of the soil loosener on plots trafficked with tire inflated at 
124.0 and 82.8 kPa with a load of 42.10 kN added to the three point hitch. 
The figures also show that up to the tillage depth the loosened plots had 
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lower density than either the trafficked or the nontrafficked plots. 
It was observed that the soil loosener did not invert or mix the 
tilled soil, that was shown by the residue remaining on the surface of the 
tilled soil; something that gives the loosener credit as far as the soil 
conservation is concerned. 
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CONCLUSIONS 
The following conclusions were drawn from this study 
* Â double layer soil compaction loosener was developed to reduce 
soil compaction caused by trafficking soil. 
* Tillage to the depth given by Y-bX" using the soil loosener 
reduced the bulk density and cone Index of the trafficked soil 
from 1.48 Mg/m' to 1.26 Mg/m' and 406 kPa to 55 kPa respectively. 
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Table 1. Slnkage depth measurements made with the ultrasonic sensor as 
affected by axle load and inflation pressure of the field 
experiment. 
Treatment Slnkage depth 
Tire Inflation Total Load on 
pressure (kPa) rear tire (kN) Mean Number Standard 
(mm) observations deviation 
(mm) 
42.10 18.9 19 8.8 
165.5 32.00 17.9 23 9.2 
24.70 36.5 18 19.2 
mean 24.4 12.4 
42.10 20.0 20 13.5 
124 32.00 23.9 19 18.8 
24.70 27.3 21 23.1 
mean 23.8 18.9 
42.10 4.1 20 1.5 
82.8 32.00 9.3 19 3.4 
24.70 16.4 21 14.3 
mean 10.0 10.0 
42.10 14.3 20 7.9 
Mean 32.00 17.1 20 10.5 
24.70 26.7 20 18.9 
Over all mean 19.4 12.4 
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Complete tool 
One unit of thç complete tool 
Figure 1. Sweep type model of the soil compaction loosener chosen for the 
field experiment (See Figure 5 for dimensions) 
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Complete tool 
One unit of the complete tool 
\ 
Figure 2. Plate type model of the soil compaction loosener 
Complete tool 
/I 
One unit of the complete tool 
Figure 3. Double Bentleg type model of the soil compaction loosener 
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Complete tool 
One unit of the complete tool 
Figure 4. Version of the sweep type model modified to eliminate the 
center shank groove (See Figure 5 for dimensions) 
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152 mm 
45 25 mm 
133 
25 
45 
Figure 5. Modified version of the sweep type model with dimensions 
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Initiai «entor licight 
Tractor on Solid Surface 
Figure 6. Ultrasonic sensor with the tractor on solid surface 
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sensor 
Final sensor height 
Rut depth 
Tractor on soft soil 
Rut depths Initial sensor height» Final sensor height 
Figure 7. Ultrasonic sensor with the tractor on soft surface 
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Nontrafncked 
£500-
ê 300-
Depth (m) 
Figure 8. Effect of the soil compaction loosener on cone Index. (LSD at 
P-0.05 for trafficked, nontrafflcked or loosened plots at same 
and different depths are 22.5 and 29 kPa, respectively) 
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03 
Depth (m) 
.Compacted . Uncompacted 
Figure 9. Composite data of water content of the soil of the field 
experiment. (LSD at P-0.05 for trafficked, nontrafficked or 
loowned plots at sane and different depths are 0.63 and 0.81 
•P/ar, respectively) 
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Tkafficked 
Nbntia£BckBd 
Loosened 
0.0 0.1 0.2 0.3 
Depth (m) 
10. Effect of the soil impaction loosener on soil bulk density. 
(LSD at P-0.05 for trafficked, nontrafficked or loosened plots 
at same and different depths are 0.03 and 0.04 Mg/uf, 
respectively) 
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I0.8 
Tl 
3 0.4 i 
sa 
0.0 
0.0 
TrafBcked 
Nontrafficked 
Loosened 
T 
0.1 
T 
0.2 0.3 
Depth (m) 
Figure 11. Effect of the soil compaction loosener on soil bulk density of 
• soil compacted with a tire inflated to 165.S kPa and with 
42.1 kM load. (LSD at P-0.05 for trafficked, nontrafficked or 
loosened plots at same and different ^depths are 0.03 and 0.04 
Mg/mP, respectively) 
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3 
J 1.6 
1 0.81 
g 0.4-
m 
0.0 
TrafQcked 
Ncffitiafficked 
Loosened 
0.1 0.2 
Depth (m) 
0.3 
Figure 12. Effect of the soil compaction loosener on bulk density of a 
soil compacted with a tire inflated to 165.5 kPa and with 32.0 
kN load. (LSD at P-0.05 for trafficked, nontrafficked or 
loosened plots at same and different depths are 0.03 and 0.04 
Mg/m', respectively) 
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S 0.8-1 
I 0.4 
tt 
TofBcked 
NaitrafBcked 
Loosened 
0.0 0.1 0.2 0.3 
Depth (m) 
Figure 13. Effect of the soil compaction loosener on bulk density of a 
soil compacted with a tire Inflated to 165.5 kPa and with 24.7 
kN load. (LSD at P-0.05 for trafficked, nontrafflcked or ^ 
loosened plots at same and different depths are 0.03 and 0.04 
Mg/uf, respectively) 
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Figure 14. Effect of the soil compaction loosener on bulk density of a 
soil compacted with a tire inflated to 82.8 kPa and with 42.1 
kN load. (LSD at F-O.OS for trafficked, nonjtrafficked or 
loosened plots at same and different depths are 0.03 and 0.04 
Mg/mP, respectively) 
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0.8 TrafBcked 
NontiafiBcked 
Loosened 
0.0 0.1 0.2 0.3 
Depth (m) 
Figure 15. Effect of the soil compaction loosener on bulk density of a 
soil compacted with a tire Inflated to 124.0 kPa and with 42.1 
kN load. (LSD at P-0.05 for trafficked, nontrafflcked or 
loosened plots at same and different depths are 0.03 and 0.04 
Mg/m®, respectively) 
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GENERAL SUMMARY 
A relationship between compaction depth and sinkage depth was 
developed from literature describing previous research. The relationship 
was in this form: Y-bX". Where Y was the compaction depth, X is the 
sinkage depth, and b and m are constants. Laboratory experiment on a 
Webster silty clay loam soil was conducted to verify the relationship 
between compaction depth and sinkage depth. A universal testing machine, 
was used to apply different stresses to soil with a range of water contents 
in cylindrical plastic containers. Sinkage depths created by the load 
applying device were measured and bulk density samples were taken from the 
compressed soil in increments of 50-mm to a depth of 250 mm. The bulk 
density values from the control container were subtracted from the bulk 
density values at corresponding depths for each compaction treatment. The 
shallowest depth at which difference in bulk density was less than 0.05 
Mg/m' was picked as the depth to which tillage was needed. 
The sinkage depths with their corresponding tillage depths were then 
plotted on a rectangular graph paper. The logarithm of the values were 
also plotted on a rectangular graph paper for slope and intercept 
determination. A field experiment was conducted to verify the relationship 
between compaction depth and sinkage depth. A tractor with rear tires 
inflated to a range of inflation pressures with loads added to the three 
point hitch was used to traffic field plots at speed of 6.4 km/hr. Sinkage 
depth measurements and bulk density samples were taken as in the laboratory 
experiments. Sinkage depth with the corresponding compaction depth were 
obtained as described above and were plotted on a rectangular graph paper. 
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The slope and the intercept were obtained as in the laboratory experiment. 
Results showed that compaction depth, Y, can be related to sinkage depth, 
X, by the empirical relationship, Y-bX" where b and m are constants. Both 
laboratory and field experiments showed that sinkage depth can be related 
to compaction depth by the same empirical relationship. 
Â double layer soil compaction loosener was designed to remove soil 
compaction caused by traffic. Four shanks each of which have a length of 
940 mm and a cross sectional area of 76X25 mm were used. A point 152 mm 
long and raked at an angle of 45* was welded to the base of each shank. A 
wing parallelogram in shape with a base of 178 mm and height of 64 mm, was 
attached to the inner side of each point at an angle of 45° and a rake 
angle of 25°. The performance of the loosener was assessed by allowing it 
to till trafficked plots to a depth given by Y-bX", where Y is the 
compaction or tillage depth, X is the tire sinkage depth, and b and m are 
constants. Cone index and bulk density before and after compaction and 
after tillage with the loosener were studied. The results showed that 
tillage with the soil loosener using the equation Y-bX°, significantly 
reduced bulk density and cone index of the trafficked soil. 
Data support the following conclusions: 
1. From previous research and the findings of this study compaction 
depth, Y, was found to be related to sinkage depth, X, by the equation, 
Y-bX". 
2. A laboratory experiment with a Webster silty clay loam soil 
showed compaction depth, Y, to be related to sinkage depth, X, by Y-52.5X'*^  ^
with of 0.82. A field experiment on a Nicollet loam soil showed 
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compaction depth, Y, to be related to sinkage depth, X, by Y-13.9X®'" with 
R' of 0.50. 
3. A double layer soil compaction loosener was developed to reduce 
soil compaction caused by trafficking soil. 
4. Tillage with the loosener of the trafficked plots to the depth 
given by Y-bX" using the soil loosener reduced bulk density from 1.48 to 
1.26 Mg/m' and cone index from 406 to 55 kPa. 
Results obtained in this study were on two soil types and limited 
range of soil water contents. The loosener was tested on only one type of 
soil at one water content. Future research should focus on developing the 
equation that relates sinkage depth to compaction depth for other soil 
types and for various soil water contents. The loosener also needs to be 
tested under different soil types and soil conditions. Future research 
should also focus on controlling the depth of tillage as the function of 
sinkage depth while the tractor is performing tillage. 
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APPENDIX A. ADDITIONAL RELATED STUDIES 
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The crop production activities such as primary tillage, secondary 
tillage, sowing, spraying, fertilizer application and harvesting, presently 
Involve intensive use of machinery including wheeled and tracked vehicles. 
Some agricultural soils might have the strength to support heavy vehicles; 
others might have little strength particularly when wet. Raghavan et al. 
(1977) measured soil bulk density of a clay soil at various moisture 
contents compacted with different tire sizes with varying loads. They 
found that the maximum change in density occurred at 12-26 cm depths under 
the center of tires and the increase in density decreased as depth or 
distance from tire Increased. Gameda et al. (1983) also reported an 
increase in soil bulk density both in topsoil and subsoil as a result of 
high axle loading. Voorhees et al. (1978) reported 20% increase in dry 
density due to soil compaction by wheel traffic. Density of individual 
clods collected at random from tracked and nontrafficked plots showed that 
clods from tracked plots were significantly more dense than those from 
nontrafficked plots, and also the crushing strength of wheel-tracked 
samples was significantly greater than those of the nontrafficked samples 
(Voorhees et al. 1978). Penetration resistance was also significantly 
affected by wheel traffic. Voorhees et al. (1978) concluded that the 
values of penetration resistance of wheel-tracked plots were significantly 
higher than those of nontrafficked plots. Pollard and Webster (1978) 
reported on the persistence of compaction over time for a sandy loam soil. 
They found that a severely compacted layer persisted at 200-300 mm depth 
and at 230 mm the cone index was about 4 MPa compared with only 1.6 MPa for 
plots that had not received the compaction treatment. 
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Compaction can be harmful to plant growth if it modifies the soil 
properties vital for germination of seedlings, root development and plant 
growth. Therefore soil compaction could become a serious problem if not 
controlled. Compaction of soil generally occurs whenever there is a force 
applied to the soil. An application of force to the compacted soil in some 
way is needed to return soil to its initial geostatic stresses. 
Consider a smooth rectangular plate inserted in the soil at a forward 
rake angle towards the direction of travel. The weight of the soil above 
the plate exerts two component forces on the it, one component acts normal 
to the plate and the other tangential to the working face of the plate. 
Before any force is applied to the plate, the soil around it is in a rest 
state. The major principal stress acts vertically and is related to the 
weight of the overburden. 
01 - Yd (1) 
The horizontal stress is 
02 - Oj - K.Oi (2) 
where - major principal stress. 
02,0, - minor principal stresses 
K. - coefficient of earth pressure at rest. 
Y - specific weight of soil. 
d - working depth of the plate. 
As soon as pull is applied to the plate, the horizontal pressure in 
the soil increases in a zone extending from the face of the plate. When a 
critical intensity of stress is reached, a well defined failure pattern 
forms in the soil. This mode of rupture continues as long as the tine is 
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working above the critical depth. It was found that the shape of the 
failure pattern is related to the geometry of the plate and the shearing 
strength parameters of the soil (O'Callaghan and Farrelly, 1964). The mode 
of rupture of soil near the surface depends upon the depth/width ratio 
(aspect ratio) and the rake angle of the rectangular plate (Spoor and 
Godwin, 1978). Godwin and Spoor (1977) conducted an experiment to study 
the soil failure with narrow tines. They pulled rigid tines of different 
width and rake angle through a compacted sandy loam soil until a shear 
plane formed. They concluded that tines with small aspect ratios, resulted 
in a crescent type of failure, while tines with large aspect ratios formed 
lateral type of failure. Spoor and Godwin (1978) conducted an experiment 
to investigate the deep loosening of soil by rigid tines. They worked a 
chisel tine, a conventional subsoiler, a Mule plow and a slant subsoiler at 
two depths (300 mm and 500 mm). All tines had the same width and rake 
angle at the leading tip, 75 mm and 22' respectively. They found that at 
shallow depth the disturbance pattern is similar for all tine shapes, but 
at greater working depth they were different. This pattern of soil 
disturbance was found repeatedly over a wide range of soil texture, 
density and moisture content. They also concluded that changing the rake 
angle of the leading tip, with the working depth remaining constant, 
resulted in crescent failure at rake angle of 25', while lateral failure 
was formed at rake angle of 70'. O'Callaghan and McCullen (1965) concluded 
from an experiment to study the cleavage of soil by tine implement, that 
the aspect ratio of a vertical tine (90') was 0.6 increased to 2.7 for 45' 
rake angle tines. McKyes and Desir (1984) conducted field tests on clay 
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and loam soils at different moisture contents using flat plates having 
varying widths and rake angles. They observed that the degree of soil 
loosening in both soil types was increased with the increase of plate angle 
from 20° to 35°, decrease of plate width from 1.33 to 0.25 times the depth 
(depth/width ratio) and decreased moisture content from 44 to 40% in clay, 
and from 30 to 22% in the loam soil. McKyes (1989) concluded that if the 
interest is to lift soil as efficiently as possible, the designer should 
aim for a wide cutting implement (d/w < 1) with low rake angle of 20° to 
30°. He also concluded that if it is important to produce a loose 
structure in the excavated soil, then a narrower tool (d/w > 2) should be 
utilized with a rake angle greater than 45°. 
The disturbance pattern of a tine working in soil differs with 
working depth (O'Callaghan and McCullen, 1964). At shallow working depths 
the soil is displaced forwards, sideways and upwards (Crescent Failure), 
failing along well defined rupture planes which radiates from just above 
the tine tip to the surface at angles of approximately 45° to the 
horizontal (Spoor and Godwin, 1978). Crescent failure continues with 
increasing working depth until, at a certain depth, which is called the 
critical depth, the soil at the tine base begins to flow forwards and 
sideways only, making a lateral failure (Spoor and Godwin, 1978). 
For effective loosening to occur crescent failure should occur. 
Therefore, the tine needs to be working above the critical depth. Godwin 
and Spoor (1977) reported that the position of the critical depth 
influences the maximum useful working depth of a tine. Crescent failure 
will only occur when the shearing resistance for upward soil flow from any 
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particular depth Is less than that for lateral flow, the two resistances 
being equal at the critical depth as found by Godwin and Spoor (1977). 
Loosening the soil surface layers, ahead of the deep tine, by using shallow 
tines, reduces the upward flow resistance and so effectively Increase the 
critical depth (Spoor and Godwin, 1978). 
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APPENDIX B: DEVELOPMENT OF THE MODEL PLATE DIMENSIONS 
81 
The model plate dimensions were obtained by using dimensional 
analysis by relating the dependent variable to the independent variables by 
the following functional relationship: 
X-f( P, *, b, E) 
where X is the sinkage depth, P is the load applied by the tractor tire, f 
is the contact length, b is the width of the contact of the tractor tire 
and E is the modulus of elasticity. 
Using the well-known Buckingham Pi theorem was used to determine the 
number of Pi terms. The total number of variables (k) and their basic 
dimensions (r) in the above mentioned problem are 5 and 2 respectively. 
Thus the number of Pi terms required can be obtained by subtracting the 
number of the basic dimensions from the total number of variables in the 
problem. From this problem three Pi terms are required for deriving 
modeling laws. There are several procedures that can be used to develop Pi 
terms, and the three commonly used techniques are the method of repeating 
variables, the method involving dimensional matrix and the method of 
inspection. Here I will use the method of inspection because the other two 
methods were rather long and tedious to use for obtaining Pi terms. 
Accordingly the general equation for the prototype will be as follows: 
«1 - J («2, IC3) (1) 
The corresponding model general equation is: 
«1» - L("2m, %3m) (2) 
Where the subscript m stands for the model. Some assumption were made here 
such that the phenomenon with which we are dealing is the same for both the 
prototype and the model so that the form of the function, •, for the 
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prototype is the same as the function, for the model. It immediately 
follows that if we let 
«2 - Itjjn (3a) 
It, - «3» (3b) 
then 
«1 - «im (4) 
and thus these equations provide us with the necessary similarity 
requirements. Equations 3a and 3b specify the required relationships 
between prototype and the model so that we predict iti from a measured 
taken on the model. Equations 3a and 3b also represent the model design 
conditions and equation 4 the prediction equation. It now follows that, if 
l/b - «„/b„ (5a) 
P/E b" - P./E. hj (5b) 
for the two systems then 
X/b - X./b. (6) 
Equations 5a and 5b yield the model design conditions for this problem, and 
Equation 6 is the prediction equation between the model and prototype. 
Since the medium in which both the prototype and the model will be working 
is the same soil, E equals Eg hence both will drop out from equation 5b and 
the new equation will be 
P/b' - P./bJ (7) 
Since there are two basic dimensions in this problem, two scales can 
be arbitrarily selected; let 
b/b. - nfc (8) 
#/#. - n, (9) 
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where and n( are the width and the length scales, respectively. And 
P/P. - tip (10) 
where n, is the load or force scale. 
The scales for all other variables are then fixed; i.e., 
X/X. - b/b„ - «/<„ - n^ (11) 
and 
P/P. - n(: (12) 
One rear tire of a White Model 160 tractor with clamp on rear dual, size 
18.4R38 and a total mass of approximately 8054 kg and 5400 kg on the rear 
axle (a weight distribution of 33% front and 67% rear was achieved) was 
used as a prototype. The total weight of the rear tire considered was 13.2 
kN with inflation pressure of 100 kPa. 
The length and width of the contact area of the prototype were 
obtained by driving the tractor on a plywood sheet placed on a concrete 
surface. Spray paint was then applied and the tractor removed leaving an 
unpainted area. The length and the width of the elliptical area were 
measured and they were 500 mm and 410 mm respectively. For a load of 0.785 
kN to be applied to the model, the model width required can be calculated 
using the relationship between the length scale and the load scale as shown 
above. The load scale is calculated and found to be 
n, - (13243kN)/(0.785 kN) 
n, - 16.875 
and the width scale is then 
n,, - 410/b„ 
but 
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"p - V 
then 
b„ - 410/Vnp 
b„ - 410A/-16.875 
b„ - 100 nun 
The same procedure can be followed to calculate the length of the model. 
Since the width scale is the same as the length scale, the length of the 
model can readily be calculated from this relationship. As already known, 
the width scale % equals 4.1 from b/b„ which equals the length scale. 
Hence the model length will be 
4.1 - n, 
4.1 - (/(. 
4.1 - 500/«„ 
- 500/4.1 
- 122 mm 
The model to be used in the laboratory should have a length of 122 mm 
and a width of 100 mm to simulate the tractor tire (Prototype). 
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APPENDIX C: RAW DATA 
86 
Table C,l. Weight of soil cores taken for bulk density determination in 
the laboratory experiment 
Block Moisture Stress Depth Wet Dry Bulk 
number content (kPa) (In) weight weight density 
(% d.b) (g) (g) (Mg/m®) 
I 0.1719 25 2 
I 0.1955 25 4 
I 0.1981 25 6 
I 0.1907 25 8 
I 0.1932 25 10 
I 0.1935 50 2 
I 0.1987 50 4 
I 0.2002 50 6 
I 0.2010 50 8 
I 0.1954 50 10 
I 0.2020 100 2 
I 0.2080 100 4 
I 0.1984 100 6 
I 0.2030 100 8 
I 0.1921 100 10 
I 0.2229 150 2 
I 0.2264 150 4 
I 0.2213 150 6 
I 0.2193 150 8 
I 0.2192 150 10 
I 0.1977 0 2 
I 0.2089 0 4 
I 0.2108 0 6 
I 0.2079 0 8 
I 0.2109 0 10 
I 0.0970 25 2 
I 0.0925 25 4 
I 0.0962 25 6 
I 0.0940 25 8 
I 0.0915 25 10 
I 0.0964 50 2 
I 0.0927 50 4 
I 0.0902 50 6 
I 0.0898 50 8 
I 0.0953 50 10 
I 0.0964 100 2 
I 0.1009 100 4 
I 0.0802 100 6 
I 0.0872 100 8 
I 0.0886 100 10 
I 0.0938 150 2 
I 0.1008 150 4 
239.15 204.07 0.88 
281.47 235.45 1.02 
261.16 217.97 0.94 
254.12 213.42 0.92 
274.23 229.83 0.99 
278.28 233.17 1.01 
291.44 243.12 1.05 
256.47 213.69 0.92 
280.80 233.81 1.01 
274.73 229.83 0.99 
317.81 264.41 1.14 
309.35 256.09 1.11 
289.36 241.45 1.04 
258.81 215.13 0.93 
294.95 247.42 1.07 
317.18 259.37 1.12 
354.46 289.03 1.25 
288.10 235.89 1.02 
316.18 259.32 1.12 
280.65 230.20 0.99 
250.04 208.76 0.90 
263.29 217.79 0.94 
259.13 214.02 0.92 
250.26 207.18 0.89 
295.98 244.43 1.06 
314.15 286.38 1.24 
289.85 265.32 1.15 
286.95 261.76 1.13 
289.21 264.35 1.14 
296.56 271.69 1.17 
279.92 255.30 1.10 
281.02 257.19 1.11 
285.89 262.24 1.13 
291.48 267.45 1.15 
331.59 302.75 1.31 
307.33 280.30 1.21 
312.03 283.43 1.22 
301.92 279.51 1.21 
325.82 299.70 1.29 
320.43 294.36 1.27 
289.59 264.75 1.14 
283.58 257.61 1.11 
Table C.l. (Continued) 
87 
Block Moisture Stress Depth Wet Dry Bulk 
number content (kPa) (in) weight weight density 
(% d.b) (g) (g) (Mg/m") 
I 0.0950 150 6 
I 0.0929 150 8 
I 0.0933 150 10 
I 0.0900 0 2 
I 0.0852 0 4 
I 0.0894 0 6 
I 0.0923 0 8 
I 0.0944 0 10 
I 0.1541 25 2 
I 0.1597 25 4 
I 0.1606 25 6 
I 0.1593 25 8 
I 0.1574 25 10 
I 0.1536 50 2 
I 0.1602 50 4 
I 0.1642 50 6 
I 0.1594 50 8 
I 0.1600 50 10 
I 0.1566 100 2 
I 0.1563 100 4 
I 0.1579 100 6 
I 0.1549 100 8 
I 0.1654 100 10 
I 0.1384 150 2 
I 0.1487 150 4 
I 0.1513 150 6 
I 0.1499 150 8 
I 0.1506 150 10 
I 0.1406 0 2 
I 0.1476 0 4 
I 0.1481 0 6 
I 0.1512 0 8 
I 0.1513 0 10 
II 0.2062 25 2 
II 0.2089 25 4 
II 0.2130 25 6 
II 0.2209 25 8 
II 0.2175 25 10 
II 0.1946 50 2 
II 0.2101 50 4 
II 0.2196 50 6 
II 0.2147 50 8 
II 0.2123 50 10 
301.24 275.11 1.19 
303.56 277.75 1.20 
319.29 292.04 1.26 
299.52 274.79 1.19 
305.44 281.45 1.21 
295.39 271.16 1.17 
305.53 279.70 1.21 
293.89 268.54 1.16 
250.04 216.66 0.94 
275.00 237.14 1.02 
265.20 228.50 0.99 
267.75 230.96 1.00 
263.93 228.03 0.98 
254.06 220.24 0.95 
296.28 255.37 1.10 
276.64 237.63 1.03 
283.48 244.51 1.06 
277.48 239.20 1.03 
266.91 230.78 1.00 
289.68 250.52 1.08 
270.87 233.94 1.01 
265.67 230.04 0.99 
267.10 229.19 0.99 
271.37 238.38 1.03 
289.35 251.89 1.09 
307.87 267.42 1.15 
283.57 246.61 1.06 
277.54 241.22 1.04 
267.32 234.37 1.01 
282.46 246.13 1.06 
267.89 233.33 1.01 
279.75 243.01 1.05 
277.90 241.37 1,04 
284.89 236.19 1.02 
267.10 220.94 0.95 
264.37 217.94 0.94 
282.74 231.58 1.00 
295.54 242.74 1.05 
318.72 266.79 1.15 
277.67 229.46 0.99 
266.23 218.29 0.94 
284.24 234.00 1.01 
287.19 236.89 1.02 
Table C.l. (Continued) 
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Block Moisture Stress Depth Wet Dry Bulk 
number content (kPa) (in) weight weight density 
(% d.b) (g) (g) (Mg/m") 
II 0.1948 100 2 329.38 275.68 1.19 
II 0.2100 100 4 307.39 254.05 1.10 
II 0.2090 100 6 288.58 238.69 1.03 
II 0.2136 100 8 282.64 232.90 1.01 
II 0.2116 100 10 294.99 243.47 1.05 
II 0.1743 150 2 329.65 280.73 1.21 
II 0.1882 150 4 333.80 280.94 1.21 
II 0.1908 150 6 300.57 252.40 1.09 
II 0.1821 150 8 299.77 253.60 1.09 
II 0.1956 150 10 293.33 245.34 1.06 
II 0.1952 0 2 274.32 229.52 0.99 
II 0.1467 0 4 340.07 296.57 1.28 
II 0.1868 0 6 268.63 226.34 0.98 
II 0.2007 0 8 265.01 220.72 0.95 
II 0.2083 0 10 287.44 237.88 1.03 
II 0.0932 25 2 336.42 307.73 1.33 
II 0.0954 25 4 291.74 266.33 1.15 
II 0.0873 25 6 307.36 282.69 1.22 
II 0.0928 25 8 290.49 265.81 1.15 
II 0.0923 25 10 293.61 268,81 1.16 
II 0.0841 50 2 342.09 315.54 1.36 
II 0.0904 50 4 288.86 264.92 1.14 
II 0.0922 50 6 294.98 270.09 1.17 
II 0.0926 50 8 301.86 276.28 1.19 
II 0.0929 50 10 302.71 276.97 1.20 
II 0.0911 100 2 345.42 316.59 1.37 
II 0.0888 100 4 301.44 276.85 1.20 
II 0.0859 100 6 285.54 262,96 1.14 
II 0.0878 100 8 298.44 274.36 1.18 
II 0.0853 100 10 342.83 315,88 1.36 
II 0.0906 150 2 314.24 288,14 1.24 
II 0.0929 150 4 302.51 276,80 1.19 
II 0.0883 150 6 301.57 277,10 1.20 
II 0.0783 150 8 303.31 281,28 1.21 
II 0.0775 150 10 335.17 311,05 1.34 
II 0.1020 0 2 320.29 290,64 1.25 
II 0.1030 0 4 285.32 258.67 1.12 
II 0.0931 0 6 287.90 263.39 1.14 
II 0.0807 0 8 315.76 292.17 1.26 
II 0.0919 0 10 312.61 286,31 1.24 
II 0.1423 25 2 313.58 274,52 1.18 
II 0.1523 25 4 272.52 236,51 1.02 
II 0.1537 25 6 278.11 241,06 1.04 
Table G.I. (Continued) 
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Block Moisture Stress Depth Wet Dry Bulk 
number content (kPa) (in) weight weight density 
(%d.b) (g) (g) (Mg/m®) 
II 0.1545 25 8 260.44 225.58 0.97 
II 0.1522 25 10 276.56 240.02 1.04 
II 0.1451 50 2 306.89 268.00 1.16 
II 0.1541 50 4 266.29 230.74 1.00 
II 0.1165 50 6 280.70 251.42 1.09 
II 0.1557 50 8 254.17 219.93 0.95 
II 0.1555 50 10 301.04 260.52 1.12 
II 0.1600 100 2 347.41 299.48 1.29 
II 0.1708 100 4 290.60 248.20 1.07 
II 0.1694 100 6 261.60 223.71 0.97 
II 0.1728 100 8 279.31 238.15 1.03 
II 0.1712 100 10 282.09 240.86 1.04 
II 0.1598 150 2 369.16 318.30 1.37 
II 0.1729 150 4 314.77 268.38 1.16 
II 0.1738 150 6 267.97 228.29 0.99 
II 0.1741 150 8 288.53 245.74 1.06 
II 0.1736 150 10 266.18 226.80 0.98 
II 0.1451 0 2 291.36 254.45 1.10 
II 0.1656 0 4 269.65 231.35 1.00 
II 0.1593 0 6 267.56 230.80 1.00 
II 0.1658 0 8 280.00 240.18 1.04 
II 0.1526 0 10 273.60 237.38 1.02 
III 0.2053 25 2 289.42 240.12 1.04 
III 0.2159 25 4 260.38 214.14 0.92 
III 0.2218 25 6 307.96 252.05 1.09 
III 0.2186 25 8 279.08 229.02 0.99 
III 0.2087 25 10 308.16 254.96 1.10 
III 0.2082 50 2 317.16 262.50 1.13 
III 0.2149 50 4 276.46 227.56 0.98 
III 0.2194 50 6 276.58 226.81 0.98 
III 0.2246 50 8 288.69 235.75 1.02 
III 0.2060 50 10 316.43 262.39 1.13 
III 0.2063 100 2 296.04 245.41 1.06 
III 0.2293 100 4 323.86 263.46 1.14 
III 0.2160 100 6 277.67 228.35 0.99 
III 0.2271 100 8 291.00 237.15 1.02 
III 0.2298 100 10 301.80 245.41 1.06 
III 0.2022 150 2 348.17 289.61 1.25 
III 0.2309 150 4 334.34 271.62 1.17 
III 0.2160 150 6 290.47 238.88 1.03 
III 0.2017 150 8 287.97 239.63 1.03 
III 150 10 
III 0.1811 0 2 271.53 229.89 0.99 
Table C.l. (Continued) 
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Block Moisture Stress Depth Wet Dry Bulk 
number content (kPa) (in) weight weight density 
(%d.b) (g) (g) (Mg/m') 
III 0.2179 0 4 256.74 210.81 0.91 
III 0.2181 0 6 260.58 213.92 0.92 
III 0.2183 0 8 293.58 240.97 1.04 
III 0.2174 0 10 277.09 227.60 0.98 
III 0.0888 25 2 341.25 313.43 1.35 
III 0.0915 25 4 286.16 262.16 1.13 
III 0.0884 25 6 279.53 256.82 1.11 
III 0.0874 25 8 298.13 274.16 1.18 
III 0.0873 25 10 294.93 271.25 1.17 
III 0.0939 50 2 300.32 274.55 1.19 
III 0.0910 50 4 277.59 254.44 1.10 
III 0.0919 50 6 282.90 259.08 1.12 
III 0.0904 50 8 298.67 273.91 1.18 
III 0.0943 50 10 296.32 270.79 1.17 
III 0.1050 100 2 278.86 252.36 1.09 
III 0.0980 100 4 275.52 250.92 1.08 
III 0.0980 100 6 286.29 260.73 1.13 
III 0.1029 100 8 295.98 268.36 1.16 
III 0.1059 100 10 293.16 265.08 1.14 
III 0.1055 150 2 309.83 280.26 1.21 
III 0.1083 150 4 306.63 276.67 1.19 
III 0,1051 150 6 290.12 262.54 1.13 
III 0.1084 150 8 300.71 271.3 1.17 
III 0.1067 150 10 283.64 256.3 1.11 
III 0.1030 0 2 311.17 282.11 1.22 
III 0.1033 0 4 288.27 261.28 1.13 
III 0.1035 0 6 312.53 283.21 1.22 
III 0.1028 0 8 290.79 263.69 1.14 
III 0.1038 0 10 313.47 284.00 1.23 
III 0.1533 25 2 280.78 243.46 1.05 
III 0.1618 25 4 273.47 235.38 1.02 
III 0.1647 25 6 271.47 233.09 1.01 
III 0.1655 25 8 270.38 231.98 1.00 
III 0.1649 25 10 263.17 225.92 0.98 
III 0.1507 50 2 293.48 255.05 1.10 
III 0.1614 50 4 274.78 236.60 1.02 
III 0.1619 50 6 255.74 220.11 0.95 
III 0.1609 50 8 288.40 248.42 1.07 
III 0.1583 50 10 322.20 278.17 1.20 
III 0.1552 100 2 316.72 274.17 1.18 
III 0.1626 100 4 285.00 245.14 1.06 
III 0.1639 100 6 261.69 224.83 0.97 
III 0.1644 100 8 246.43 211.64 0.91 
Table C.l. (Continued) 
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Block Moisture Stress Depth 
number content (kPa) (in) 
(%d.b) 
III 0.1648 100 10 
III 0.1657 150 2 
III 0.1798 150 4 
III 0.1794 150 6 
III 0.1808 150 8 
III 0.1849 150 10 
III 0.1513 0 2 
III 0.1762 0 4 
III 0.1800 0 6 
III 0.1817 0 8 
III 0.1799 0 10 
Wet Dry Bulk 
weight weight density 
(g) (g) (Mg/m®) 
275.02 236.11 1.02 
311.00 266.79 1.15 
313.61 265.82 1.15 
282.36 239.41 1.03 
260.90 220.95 0.95 
278.85 235.34 1.02 
269.22 233.85 1.01 
268.90 228.61 0.99 
245.34 207.91 0.90 
258.48 218.73 0.94 
276.59 234.41 1.01 
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Table C.2. Slnkage depth with the corresponding compaction for the 
laboratory experiment 
Block Moisture Stress Sinkage Compaction 
Number content (kPa) depth depth 
(%d.b) (mm) (mm) 
20,6 25 12.70 76.20 
20.6 50 33.34 101.60 
20.6 100 45.45 152,40 
20.6 150 66.68 215,90 
20.6 0 0.00 0,00 
9.4 25 3.20 50,80 
9.4 50 1,60 63,50 
9.4 100 9,53 101,60 
9.4 150 15.88 127,00 
9.4 0 0,00 0,00 
16.0 25 4,76 50.80 
16.0 50 14,29 101.60 
16.0 100 22,23 114.30 
16,0 150 36,51 139.70 
16.0 0 0,00 0.00 
20.6 25 12,70 127.00 
20,6 50 17.46 177.80 
20,6 100 38,10 203.20 
20,6 150 58.74 228.60 
20,6 0 0,00 0.00 
9.4 25 3.20 63.50 
9.4 50 3.20 88.90 
9.4 100 6.35 101.60 
9.4 150 12.70 152.40 
9.4 0 0.00 0.00 
16.0 25 3.20 88.90 
16.0 50 3.20 127.00 
16.0 100 28.58 139.70 
16.0 150 47.63 165,10 
16.0 0 0.00 0,00 
III 20.6 25 9.53 101,60 
III 20.6 50 22.23 152,40 
III 20.6 100 47.63 177,80 
III 20.6 150 69.26 215,90 
III 20.6 0 0.00 0,00 
III 9.4 25 1,60 76,20 
III 9.4 50 3.30 127,00 
III 9.4 100 9.53 165,10 
III 9.4 150 14.30 203,20 
III 9.4 0 0.00 0,00 
III 16.0 25 4.76 50,80 
Table C.2. (Continued) 
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Block Moisture Stress Sinkage 
Compaction 
number content (kPa) depth depth 
(%d.b) (mm) (mm) 
III 16.0 50 6.35 88.90 
III 16.0 100 23.81 152.40 
III 16.0 150 58.74 177.80 
III 16.0 0 0.00 0.00 
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Table C.3. Raw data for bulk density and moisture content in the field 
experiment 
Block Treat- State DEPTH Bulk density Moisture content 
# ment (in) (Mg/m®) (m'/m*) 
HEDHl B 2.0 
MEDHI B 4.0 
MEDHI B 6.0 
MEDHI B 8.0 
MEDHI B 10.0 
MEDHI B 12.0 
MEDHI B 14.0 
MEDHI B 16.0 
MEDHI B 18.0 
MEDHI B 20.0 
MEDHI A 2.0 
MEDHI A 4.0 
MEDHI A 6.0 
MEDHI A 8.0 
MEDHI A 10.0 
MEDHI A 12.0 
MEDHI A 14.0 
MEDHI A 16.0 
MEDHI A 18.0 
MEDHI A 20.0 
MEDNO B 2.0 
MEDNO B 4.0 
MEDNO B 6.0 
MEDNO B 8.0 
MEDNO B 10.0 
MEDNO B 12.0 
MEDNO B 14.0 
MEDNO B 16.0 
MEDNO B 18.0 
MEDNO B 20.0 
MEDNO A 2.0 
MEDNO A 4.0 
MEDNO A 6.0 
MEDNO A 8.0 
MEDNO A 10.0 
MEDNO A 12.0 
MEDNO A 14.0 
MEDNO A 16.0 
MEDNO A 18.0 
MEDNO A 20.0 
MEDMED B 2.0 
MEDMED B 4.0 
1.29 28.11 
1.37 34.61 
1.54 40.00 
1.43 35.61 
1.39 36.40 
1.55 39.61 
1.43 33.73 
1.33 30.22 
1.39 31.10 
1.54 33.46 
1.44 30.18 
1.49 34.47 
1.56 36.01 
1.49 35.31 
1.38 36.71 
1.43 38.42 
1.39 37.94 
1.33 35.44 
1.56 32.46 
1.61 31.67 
1.68 35.13 
1.53 36.10 
1.51 37.72 
1.45 36.62 
1.48 40.00 
1.36 34.25 
1.31 31.58 
1.41 32.76 
1.57 35.75 
1.49 32.24 
1.36 24.12 
1.57 37.37 
1.46 36.40 
1.55 40.35 
1.45 39.61 
1.52 37.76 
1.34 32.46 
1.41 33.60 
1.51 35.48 
1.53 34.69 
1.24 23.16 
1.44 31.75 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (m'/ta') 
I MEDMED B 6.0 1.51 35.22 
I MEDMED B 8.0 1.39 39.04 
I MEDMED B 10.0 1.36 36.93 
I MEDMED B 12.0 1.43 36.89 
I MEDMED B 14.0 1.43 34.43 
I MEDMED B 16.0 1.52 35.48 
I MEDMED B 18.0 1.45 33.20 
I MEDMED B 20.0 1.58 34.43 
I MEDMED A 2.0 1.21 22.32 
I MEDMED A 4.0 1.58 38.38 
I MEDMED A 6.0 1.55 36.89 
I MEDMED A 8.0 1.66 38.03 
I MEDMED A 10.0 1.46 34.87 
I MEDMED A 12.0 1.46 37.41 
I MEDMED A 14.0 1.46 36.62 
I MEDMED A 16.0 1.48 35.70 
I MEDMED A 18.0 1.54 36.05 
I MEDMED A 20.0 1.61 36.14 
I LOHI B 2.0 1.22 28.03 
I LOHI B 4.0 1.47 38.90 
I LOHI B 6.0 1.48 39.69 
I LOHI B 8,0 1.42 38.20 
I LOHI B 10.0 1.36 39.96 
I LOHI B 12.0 1.40 38.99 
I LOHI B 14.0 1.38 34.87 
I LOHI B 16.0 1.56 37.63 
I LOHI B 18.0 1.43 33.29 
I LOHI B 20.0 1.55 35.22 
I LOHI A 2.0 1.21 23.42 
I LOHI A 4.0 1.45 35.61 
I LOHI A 6.0 1.44 36.62 
I LOHI A 8.0 1.50 39.34 
I LOHI A 10.0 1.33 34.82 
I LOHI A 12.0 1.37 36.49 
I LOHI A 14.0 1.57 41.45 
I LOHI A 16.0 1.53 37.98 
I LOHI A 18.0 1.46 35.53 
I LOHI A 20.0 1.55 35.48 
I LONO B 2.0 0.81 20.57 
I LONO B 4.0 1.63 40.22 
I LONO B 6.0 1.53 38.64 
I LONO B 8.0 1.50 38.38 
I LONO B 10.0 1.43 38.46 
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Block Treat- State Depth 
# ment (in) 
I LONO B 12.0 
I LONO B 14.0 
I LONO B 16.0 
I LONO B 18.0 
I LONO B 20.0 
I LONO A 2.0 
I LONO A 4.0 
I LONO A 6.0 
I LONO A 8.0 
I LONO A 10.0 
I LONO A 12.0 
I LONO A 14.0 
I LONO A 16.0 
I LONO A 18.0 
I LONO A 20.0 
I HIMED B 2.0 
I HIMED B 4.0 
I HIMED B 6.0 
I HIMED B 8.0 
I HIMED B 10.0 
I HIMED B 12.0 
I HIMED B 14.0 
I HIMED B 16.0 
I HIMED B 18.0 
I HIMED B 20.0 
I HIMED A 2.0 
I HIMED A 4.0 
I HIMED A 6.0 
I HIMED A 8.0 
I HIMED A 10.0 
I HIMED A 12.0 
I HIMED A 14.0 
I HIMED A 16.0 
I HIMED A 18.0 
I HIMED A 20.0 
I LOMED B 2.0 
I LOMED B 4.0 
I LOMED B 6.0 
I LOMED B 8.0 
I LOMED B 10.0 
I LOMED B 12.0 
I LOMED B 14.0 
I LOMED B 16.0 
Bulk Density Moisture content 
(Mg/m®) (m'/m') 
1.36 36.05 
1.40 36.54 
1.44 37.11 
1.28 32.37 
1.53 38.55 
1.44 28.07 
1.48 37.81 
1.56 40.04 
1.52 38.99 
1.42 39.74 
1.42 36.67 
1.50 36.71 
1.44 34.12 
1.46 35.00 
1.57 36.32 
1.38 26.05 
1.58 38.55 
1.54 40.31 
1.51 40.09 
1.49 41.97 
1.31 36.14 
1.39 37.89 
1.45 37.63 
1.48 38.51 
1.29 30.83 
1.60 33.46 
1.54 38.03 
1.57 39.12 
1.56 42.59 
1.36 39.17 
1.45 43.20 
1.41 39.08 
1.59 40.35 
1.35 34.39 
1.46 38.03 
1.35 26.62 
1.48 36.49 
1.49 37.94 
1.58 39.52 
1.52 40.26 
1.47 45.13 
1.38 36.75 
1.41 34.74 
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Block Treat- State Depth 
# ment (in) 
LOMED B 18.0 
LOMED B 20.0 
LOMED A 2.0 
LOMED A 4.0 
LOMED A 6.0 
LOMED A 8.0 
LOMED A 10.0 
LOMED A 12.0 
LOMED A 14.0 
LOMED A 16.0 
LOMED A 18.0 
LOMED A 20.0 
HIHI B 2.0 
HIHI B 4.0 
HIHI B 6.0 
HIHI B 8.0 
HIHI B 10.0 
HIHI B 12.0 
HIHI B 14.0 
HIHI B 16.0 
HIHI B 18.0 
HIHI B 20.0 
HIHI A 2.0 
HIHI A 4.0 
HIHI A 6.0 
HIHI A 8.0 
HIHI A 10.0 
HIHI A 12.0 
HIHI A 14.0 
HIHI A 16.0 
HIHI A 18.0 
HIHI A 20.0 
HINO B 2.0 
HINO B 4.0 
HINO B 6.0 
HINO B 8.0 
HINO B 10.0 
HINO B 12.0 
HINO B 14.0 
HINO B 16.0 
HINO B 18.0 
HINO B 20.0 
HINO A 2.0 
Bulk Density Moisture content 
(Mg/m®) (mV™') 
1.44 35.00 
1.45 34.61 
1.36 26.84 
1.55 36.40 
1.56 36.58 
1.48 37.72 
1.49 42.46 
1.43 41.40 
1.41 41.05 
1.43 40.79 
1.39 37.76 
1.45 33.68 
1.43 28.29 
1,52 31.84 
1.46 31.40 
1.71 40.13 
1.35 38.33 
1.54 40.66 
1.25 32.98 
1.42 37.15 
1.32 34.08 
1.41 35.79 
1.63 29.21 
1.58 33.46 
1.58 38.73 
1.46 39.04 
1.51 38.20 
1.41 41.27 
1.45 41.27 
1.41 35.13 
1.54 37.37 
1.29 31.10 
1.29 22.24 
1.49 31.45 
1.52 34.21 
1.50 35.79 
1.49 32.02 
1.41 38.20 
1.41 35.09 
1.36 31.05 
1.43 32.28 
1.48 33.07 
1.14 19.34 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (m^ /m') 
I HINO A 4.0 1.74 37.46 
I HINO A 6.0 1.68 38.29 
I HINO A 8.0 1.52 36.05 
I HINO A 10.0 1.56 39.43 
I HINO A 12.0 1.60 40.04 
I HINO A 14.0 1.47 37.46 
I HINO A 16.0 1.43 34.61 
I HINO A 18.0 1.50 33.42 
I HINO A 20.0 1.48 32.41 
II MEDMED B 2.0 1.43 31.40 
II MEDMED B 4.0 1.44 36.97 
II MEDMED B 6.0 1.48 38.86 
II MEDMED B 8.0 1.47 38.33 
II MEDMED B 10.0 1.40 38.86 
II MEDMED B 12.0 1.41 39.96 
II MEDMED B 14.0 1.32 40.13 
II MEDMED B 16.0 1.33 36.71 
II MEDMED B 18.0 1.50 37.59 
II MEDMED B 20.0 1.39 33.25 
II MEDMED A 2.0 1.35 27.19 
II MEDMED A 4.0 1.44 38.60 
II MEDMED A 6.0 1.39 37.81 
II MEDMED A 8.0 1.43 41.18 
II MEDMED A 10.0 1.38 40.96 
II MEDMED A 12.0 1.33 40.09 
II MEDMED A 14.0 1.32 40.00 
II MEDMED A 16.0 1.33 39.04 
II MEDMED A 18.0 1.45 38.25 
II MEDMED A 20.0 1.46 36.01 
II HIHI B 2.0 1.26 25.83 
II HIHI B 4.0 1.50 37.37 
II HIHI B 6.0 1.41 36.10 
II HIHI B 8.0 1.46 39.04 
II HIHI B 10.0 1.46 42.19 
II HIHI B 12.0 1.39 39.82 
II HIHI B 14.0 1.47 40.75 
II HIHI B 16.0 1.44 34.47 
II HIHI B 18.0 1.47 33.82 
II HIHI B 20.0 1.46 32.02 
II HIHI A 2.0 1.43 27.28 
II HIHI A 4.0 1.45 35.96 
II HIHI A 6.0 1.42 38.16 
II HIHI A 8.0 1.44 41.10 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (m'/m") 
II HIHI A 10.0 1.35 42.15 
II HIHI A 12.0 1.46 43.51 
II HIHI A 14.0 1.46 36.36 
II HIHI A 16.0 1.40 33.25 
II HIHI A 18.0 1.53 34.91 
II HIHI A 20.0 1.56 32.94 
II HIMED B 2.0 1.25 26.18 
II HIMED B 4.0 1.55 39.30 
II HIMED B 6.0 1.45 37.85 
II HIMED B 8.0 1.47 37.46 
II HIMED B 10.0 1.48 39.39 
II HIMED B 12.0 1.44 38.55 
II HIMED B 14.0 1.32 34.30 
II HIMED B 16.0 1.50 37.32 
II HIMED B 18.0 1.47 34.61 
II HIMED B 20.0 1.54 34.91 
II HIMED A 2.0 1.32 25.09 
II HIMED A 4.0 1.52 33.11 
II HIMED A 6.0 1.55 36.75 
II HIMED A 8.0 1.39 35.66 
II HIMED A 10.0 1.48 40.83 
II HIMED A 12.0 1.38 36.05 
II HIMED A 14.0 1.40 35.00 
II HIMED A 16.0 1.45 34.82 
II HIMED A 18.0 1.59 36.97 
II HIMED A 20.0 1.50 34.21 
II MEDHI B 2.0 1.12 23.20 
II MEDHI B 4.0 1.48 35.96 
II MEDHI B 6.0 1.40 34.65 
II MEDHI B 8.0 1.60 39.91 
II MEDHI B 10.0 1.37 41.32 
II MEDHI B 12.0 1.34 38.82 
II MEDHI B 14.0 1.39 37.94 
II MEDHI B 16.0 1.40 36.75 
II MEDHI B 18.0 1.43 36.84 
II MEDHI B 20.0 1.52 38.64 
II MEDHI A 2.0 1.13 21.05 
II MEDHI A 4.0 1.48 33.60 
II MEDHI A 6.0 1.49 36.01 
II MEDHI A 8.0 1.53 38.42 
II MEDHI A 10.0 1.41 39.78 
II MEDHI A 12.0 1.29 37.37 
II MEDHI A 14.0 1.39 39.25 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (mV™*) 
II MEDHI Â 16.0 1.37 37.63 
II MEDHI Â 18.0 1.46 38.95 
II MEDHI A 20.0 1.46 38.68 
II LONG B 2.0 1.18 21.18 
II LONG B 4.0 1.57 32.85 
II LONG B 6.0 1.66 36.10 
II LONG B 8.0 1.53 35.75 
II LONG B 10.0 1.39 39.78 
II LONG B 12.0 1.46 41.23 
II LONG B 14.0 1.41 37.72 
II LONG B 16.0 1.40 36,80 
II LONG B 18.0 1.38 35.61 
II LONG B 20.0 1.38 34.65 
II LONG A 2.0 1.41 25.26 
II LONG A 4.0 1.73 36.36 
II LONG A 6.0 1.51 32.98 
II LONG A 8.0 1.65 39.65 
II LONG A 10.0 1.35 38.25 
II LONG A 12.0 1.46 39.04 
II LONG A 14.0 1.29 32.94 
II LONG A 16.0 1.47 36.67 
II LONG A 18.0 1.38 33.20 
II LONG A 20.0 1.43 33.64 
II MEDNO B 2.0 1.18 17.68 
II MEDNO B 4.0 1.31 24.65 
II MEDNO B 6.0 1.44 28.86 
II MEDNO B 8.0 1.37 30.57 
II MEDNO B 10.0 1.58 35.22 
II MEDNO B 12.0 1.41 34.74 
II MEDNO B 14.0 1.46 35.18 
II MEDNO B 16.0 1.46 28.25 
II MEDNO B 18.0 1.62 36.01 
II MEDNO 6 20.0 1.36 29.91 
II MEDNO A 2.0 1.60 27.76 
II MEDNO A 4.0 1.57 30.88 
II MEDNO A 6.0 1.49 30.57 
II MEDNO A 8.0 1.54 35.35 
II MEDNO A 10.0 1.45 37.24 
II MEDNO A 12.0 1.43 38.42 
II MEDNO A 14.0 1.31 34.65 
II MEDNO A 16.0 1.43 39.21 
II MEDNO A 18.0 1.39 32.68 
II MEDNO A 20.0 1.41 31.01 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (mV™') 
II HINO B 2.0 1.22 16,97 
II HINO B 4.0 1.39 26.84 
II HINO B 6.0 1.54 32.28 
II HINO B 8.0 1,54 33.90 
II HINO B 10,0 1.36 35.70 
II HINO B 12.0 1.34 33.68 
II HINO B 14,0 1.41 32.81 
II HINO B 16.0 1.49 33.33 
II HINO B 18,0 1.45 31.54 
II HINO B 20.0 1.55 30.70 
II HINO A 2.0 1.00 31.84 
II HINO A 4.0 1.60 29.34 
II HINO A 6.0 1.51 29.56 
II HINO A 8.0 1.44 30,04 
II HINO A 10.0 1.54 32,41 
II HINO A 12.0 1.55 38,25 
II HINO A 14.0 1.30 30,13 
II HINO A 16.0 1.50 32,89 
II HINO A 18.0 1.39 29,17 
II HINO A 20,0 1.48 31,18 
II LOHI B 2.0 0.99 14.12 
II LOHI B 4.0 1.36 23.55 
II LOHI B 6.0 1.48 26.67 
II LOHI B 8.0 1.67 22.32 
II LOHI B 10.0 1.56 29.30 
II LOHI B 12.0 1.53 23.68 
II LOHI B 14.0 1.45 30.61 
II LOHI B 16.0 1.46 44.08 
II LOHI B 18.0 1.58 5.83 
II LOHI B 20.0 1,36 27.85 
II LOHI A 2.0 1,27 19.17 
II LOHI A 4.0 1,70 31.27 
II LOHI A 6.0 1,65 31.84 
II LOHI A 8.0 1.59 29.47 
II LOHI A 10.0 1.71 32.46 
II LOHI A 12,0 1.42 29,82 
II LOHI A 14.0 1.53 31,75 
II LOHI A 16.0 1.43 28.77 
II LOHI A 18.0 1.50 29.52 
II LOHI A 20.0 1.56 29.87 
II LOWED B 2.0 0.85 10.96 
II LOMED B 4.0 1.24 21.89 
II LOMED B 6.0 1,17 21.54 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (m'/m^ ) 
II LOMED B 8.0 1.33 25.88 
II LOMED B 10.0 1.52 30.00 
II LOMED B 12.0 1.38 30.53 
II LOMED B 14.0 1.35 31.67 
II LOMED B 16.0 1.36 32.59 
II LOMED B 18.0 1.50 35.00 
II LOMED B 20.0 1.53 30.79 
II LOMED A 2.0 1.40 19.96 
II LOMED A 4.0 1.49 28.29 
II LOMED A 6.0 1.68 33.73 
II LOMED A 8.0 1.57 30.88 
II LOMED A 10.0 1.55 32.06 
II LOMED A 12.0 1.47 34.04 
II LOMED A 14.0 1.53 37.76 
II LOMED A 16.0 1.41 31.97 
II LOMED A 18.0 1.44 28.29 
II LOMED A 20.0 1.51 28.82 
III LOHI B 2.0 0.89 18.90 
III LOHI B 4.0 1.35 40.88 
III LOHI B 6.0 1.41 43.90 
III LOHI B 8.0 1.47 42.15 
III LOHI B 10.0 1.41 42.63 
III LOHI B 12.0 1.44 39.61 
III LOHI B 14.0 1.52 39.78 
III LOHI B 16.0 1.49 37.37 
III LOHI B 18.0 1.49 36.67 
III LOHI B 20.0 1.50 36.18 
III LOHI A 2.0 1.21 43.86 
III LOHI A 4.0 1.47 42.46 
III LOHI A 6.0 1.53 47.46 
III LOHI A 8.0 1.40 41.54 
III LOHI A 10.0 1.47 40.39 
III LOHI A 12.0 1.52 39.17 
III LOHI A 14.0 1.44 35.70 
III LOHI A 16.0 1.54 36.62 
III LOHI A 18.0 1.50 33.64 
III LOHI A 20.0 1.59 31.36 
III HINO B 2.0 1.14 22.24 
III HIND B 4.0 1.45 36.84 
III HINO B 6.0 1.48 37.19 
III HINO B 8.0 1.47 39.04 
III HINO B 10.0 1.38 38.29 
III HINO B 12.0 1.41 39.21 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (m^ /m®) 
III HINO B 14.0 1.48 38.16 
III HIND B 16.0 1.45 33.86 
III HINO B 18.0 1.51 34.17 
III HINO B 20.0 1.50 33.60 
III HINO A 2.0 1.64 24.74 
III HINO A 4.0 1.47 39.30 
III HINO A 6.0 1.47 41.18 
III HINO A 8.0 1.35 38.95 
III HINO A 10.0 1.49 42.15 
III HINO A 12.0 1.52 39.25 
III HINO A 14.0 1.32 32.02 
III HINO A 16.0 1.42 33.64 
III HINO A 18.0 1.64 37.59 
III HINO A 20.0 1.24 28.11 
III MEDMED B 2.0 1.11 22.76 
III MEDMED B 4.0 1.50 37.68 
III MEDMED B 6.0 1.47 36.58 
III MEDMED B 8.0 1.48 38.42 
III MEDMED B 10.0 1.33 37.37 
III MEDMED B 12.0 1.34 38.33 
III MEDMED B 14.0 1.41 38.95 
III MEDMED B 16.0 1.48 35.04 
III MEDMED B 18.0 1.41 32.81 
III MEDMED B 20.0 1.51 34.21 
III MEDMED A 2.0 1.56 31.89 
III MEDMED A 4.0 1.35 33.42 
III MEDMED A 6.0 1.45 38.03 
III MEDMED A 8.0 1.41 42.32 
III MEDMED A 10.0 1.33 39.08 
III MEDMED A 12.0 1.45 39.52 
III MEDMED A 14.0 1.50 37.11 
III MEDMED A 16.0 1.39 33.64 
III MEDMED A 18.0 1.58 37.54 
III MEDMED A 20.0 1.35 31.89 
III LONO B 2.0 1.33 23.03 
III LONO B 4.0 1.43 31.23 
III LONO B 6.0 1.41 36.14 
III LONO B 8.0 1.26 38.77 
III LONO B 10.0 1.28 38.11 
III LONO B 12.0 1.35 39.47 
III LONO B 14.0 1.40 40.35 
III LONO B 16.0 1.37 38.99 
III LONO B 18.0 1.51 37.54 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (m'/m^ ) 
III LONO B 20.0 1.40 32.98 
III LONO A 2.0 1.38 25.18 
III LONO A 4.0 1.47 31.36 
III LONO A 6.0 1.56 34.96 
III LONO A 8.0 1.48 38.38 
III LONO A 10.0 1.51 43.07 
III LONO A 12.0 1.38 37.76 
III LONO A 14.0 1.40 35.57 
III LONO A 16.0 1.33 32.81 
III LONO A 18.0 1.44 34.17 
III LONO A 20.0 1.55 35.66 
III HIHI B 2.0 1.23 19.25 
III HIHI B 4.0 1.55 35.04 
III HIHI B 6.0 1.47 34.39 
III HIHI B 8.0 1.43 33.51 
III HIHI B 10.0 1.36 37.89 
III HIHI B 12.0 1.26 37.19 
III HIHI B 14.0 1.22 33.33 
III HIHI B 16.0 1.54 37.98 
III HIHI B 18.0 1.50 35.00 
III HIHI B 20.0 1.37 31.58 
III HIHI A 2.0 1.41 26.40 
III HIHI A 4.0 1.47 31.23 
III HIHI A 6.0 1.57 36.32 
III HIHI A 8.0 1.43 39.43 
III HIHI A 10.0 1.40 42.32 
III HIHI A 12.0 1.37 39.43 
III HIHI A 14.0 1.29 33.68 
III HIHI A 16.0 1.37 34.12 
III HIHI A 18.0 1.32 31.62 
III HIHI A 20.0 1.48 34.87 
III MEDHI B 2.0 1.22 29.82 
III MEDHI B 4.0 1.47 34.25 
III MEDHI B 6.0 1.35 37.32 
III MEDHI B 8.0 1.44 39.78 
III MEDHI B 10.0 1.20 32.72 
III MEDHI B 12.0 1.32 36.80 
III MEDHI B 14.0 1.39 35.53 
III MEDHI B 16.0 1.55 35.96 
III MEDHI B 18.0 1.38 30.18 
III MEDHI B 20.0 1.50 32.11 
III MEDHI A 2.0 1.41 25.22 
III MEDHI A 4.0 1.44 28.33 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (m'/m') 
III MEDHI A 6.0 1.43 30.96 
III MEDHI A 8.0 1.53 35.35 
III MEDHI A 10.0 1.32 36.75 
III MEDHI A 12.0 1.41 40.18 
III MEDHI A 14.0 1.33 35.39 
III MEDHI A 16.0 1.34 32.50 
III MEDHI A 18.0 1.42 32.02 
III MEDHI A 20.0 1.50 33.03 
III MEDNO B 2.0 1.19 18.90 
III MEDNO B 4.0 1.45 27.63 
III MEDNO B 6.0 1.49 29.56 
III MEDNO B 8.0 1.52 30.70 
III MEDNO B 10.0 1.37 34.12 
III MEDNO B 12.0 1.29 34.39 
III MEDNO B 14.0 1.21 32.81 
III MEDNO B 16.0 1.31 32.85 
III MEDNO B 18.0 1.33 30.88 
III MEDNO B 20.0 1.45 32.76 
III MEDNO A 2.0 1.44 25,88 
III MEDNO A 4.0 1.56 29.25 
III MEDNO A 6.0 1.59 30.88 
III MEDNO A 8.0 1.55 33.95 
III MEDNO A 10.0 1.38 33.51 
III MEDNO A 12.0 1.31 36.36 
III MEDNO A 14.0 1.40 34.82 
III MEDNO A 16.0 1.29 30.13 
III MEDNO A 18.0 1.41 31.84 
III MEDNO A 20.0 1.48 33.16 
III HIMED B 2.0 1.31 17.98 
III HIMED B 4.0 1.50 26.36 
III HIMED B 6.0 1.62 35.92 
III HIMED B 8.0 1.26 29.43 
III HIMED B 10.0 1.19 38.86 
III HIMED B 12.0 1.40 32.11 
III HIMED B 14.0 1.33 28.95 
III HIMED B 16.0 1.49 31.14 
III HIMED B 18.0 1.44 29.56 
III HIMED B 20.0 1.38 27.02 
III HIMED A 2.0 1.58 23.60 
III HIMED A 4.0 1.58 29.47 
III HIMED A 6.0 1.61 32.72 
III HIMED A 8.0 1.37 32.06 
III HIMED A 10.0 1.43 34.78 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (m'/ni®) 
III HIMED A 12.0 1.40 35.00 
III HIMED A 14.0 1.28 31.27 
III HIMED A 16.0 1.50 33.29 
III HIMED A 18.0 1.46 29.34 
III HIMED A 20.0 1.43 28.03 
III LOMED B 2.0 1.46 21.75 
III LOMED B 4.0 1.55 28.99 
III LOMED B 6.0 1.07 38.90 
III LOMED B 8.0 1.64 33.95 
III LOMED B 10.0 1.38 31.71 
III LOMED B 12.0 1.19 27.98 
III LOMED B 14.0 1.32 31.45 
III LOMED B 16.0 1.61 36.36 
III LOMED B 18.0 1.09 38.07 
III LOMED B 20.0 1.42 25.13 
III LOMED A 2.0 1.51 19.82 
III LOMED A 4.0 1.68 27.32 
III LOMED A 6.0 1.63 28.55 
III LOMED A 8.0 1.71 35.83 
III LOMED A 10.0 1.43 32.81 
III LOMED A 12.0 1.34 30.48 
III LOMED A 14.0 1.34 30.00 
III LOMED A 16.0 1.40 30.22 
III LOMED A 18.0 1.54 33.90 
III LOMED A 20.0 1.34 29.47 
I MEDNO R 2.0 0.84 17.59 
I MEDNO R 4.0 1.29 30.13 
I MEDNO R 6.0 1.49 38.03 
I MEDNO R 8.0 1.17 33.16 
I MEDNO R 10.0 1.33 37.41 
I MEDNO R 12.0 1.49 43.82 
I MEDNO R 14.0 1.39 42.68 
I MEDNO R 16.0 1.49 45.66 
I MEDNO R 18.0 1.46 37.94 
I MEDNO R 20.0 1.48 35.39 
I HIMED R 2.0 1.31 34.78 
I HIMED R 4.0 1.31 35.13 
I HIMED R 6.0 1.30 33.55 
I HIMED R 8.0 1.40 36.01 
I HIMED R 10.0 1.35 36.89 
I HIMED R 12.0 1.43 39.78 
I HIMED R 14.0 1.56 44.04 
I HIMED R 16.0 1.51 42.11 
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Block Treat- State Depth 
# ment ( in) 
HIMED R 18.0 
HIMED R 20.0 
HIND R 2.0 
HIND R 4.0 
HIND R 6.0 
HIND R 8.0 
HIND R 10.0 
HIND R 12.0 
HIND R 14.0 
HIND R 16.0 
HIND R 18.0 
HIND R 20.0 
HIMED R 2.0 
HIMED R 4.0 
HIMED R 6.0 
HIMED R 8.0 
HIMED R 10.0 
HIMED R 12.0 
HIMED R 14.0 
HIMED R 16.0 
HIMED R 18.0 
HIMED R 20.0 
MEDNO R 2.0 
MEDNO R 4.0 
MEDNO R 6.0 
MEDNO R 8.0 
MEDNO R 10.0 
MEDNO R 12.0 
MEDNO R 14.0 
MEDNO R 16.0 
MEDNO R 18.0 
MEDNO R 20.0 
HINO R 2.0 
HINO R 4.0 
HINO R 6.0 
HINO R 8.0 
HINO R 10.0 
HINO R 12.0 
HINO R 14.0 
HINO R 16.0 
HINO R 18.0 
HINO R 20.0 
MEDHI R 2.0 
Bulk Density Moisture content 
(Mg/m®) (mVm') 
1.39 32.46 
1.53 34.56 
1.21 22.54 
1.39 29.30 
1.51 33.90 
1.30 30.96 
1.39 36.14 
1.45 39.74 
1.46 37.89 
1.39 31.62 
1.41 30.61 
1.57 33.03 
1.15 23.07 
1.49 35.57 
1.45 35.22 
1.51 38.03 
1.44 37.50 
1.47 40.04 
1.34 35.44 
1.48 35.96 
1.52 33.95 
1.58 35.70 
1.01 18.25 
1.22 26.49 
1.23 31.10 
1.32 37.63 
1.41 40.79 
1.42 36.36 
1.40 33.38 
1.40 32.59 
1.43 32.50 
1.56 34.17 
1.28 24.43 
1.15 24.96 
1.16 28.29 
1.20 30.48 
1.34 34.91 
1.29 33.29 
1.44 35.26 
1.44 34.39 
1.57 33.46 
1.48 30.57 
0.95 19.39 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) im'/a?) 
II MEDHI R 4.0 1.10 28.82 
II MEDHI R 6.0 1.26 32.76 
II MEDHI R 8.0 1.20 36.97 
II MEDHI R 10.0 1.35 39.52 
II MEDHI R 12.0 1.30 36.93 
II MEDHI R 14.0 1.34 36.75 
II MEDHI R 16.0 1.51 40.18 
II MEDHI R 18.0 1.43 37.85 
II MEDHI R 20.0 1.37 35.96 
II MEDMED R 2.0 1.06 23.82 
II MEDMED R 4.0 1.26 31.18 
II MEDMED R 6.0 1.31 31.84 
II MEDMED R 8.0 1.07 26.97 
II MEDMED R 10.0 1.32 35.79 
II MEDMED R 12.0 1.39 36.05 
II MEDMED R 14.0 1.45 35.44 
II MEDMED R 16.0 1.54 37.59 
II MEDMED R 18.0 1.41 32.94 
II MEDMED R 20.0 1.43 31.84 
I MEDHI R 2.0 1.22 27.37 
I MEDHI R 4.0 1.38 33.11 
I MEDHI R 6.0 1.36 32.59 
I MEDHI R 8.0 1.20 31.01 
I MEDHI R 10.0 1.40 35.79 
I MEDHI R 12.0 1.46 34.21 
I MEDHI R 14.0 1.44 31.93 
I MEDHI R 16.0 1.44 30.22 
I MEDHI R 18.0 1.61 32.68 
I MEDHI R 20.0 1.56 28.55 
I MEDMED R 2.0 1.15 23.68 
I MEDMED R 4.0 1.26 29.17 
I MEDMED R 6.0 1.22 31.01 
I MEDMED R 8.0 1.38 39.43 
I MEDMED R 10.0 1.32 38.46 
I MEDMED R 12.0 1.38 42.46 
I MEDMED R 14.0 1.44 44.82 
I MEDMED R 16.0 1.37 36.36 
I MEDMED R 18.0 1.34 34.04 
I MEDMED R 20.0 1.43 35.26 
I LOMED R 2.0 1.03 20.35 
I LOMED R 4.0 1.38 34.39 
I LOMED R 6.0 1.39 35.57 
I LOMED R 8.0 1.39 34.87 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (In) (Mg/m®) (m'/ni') 
LOMED R 10.0 
LOMED R 12.0 
LOMED R 14.0 
LOMED R 16.0 
LOMED R 18.0 
LOMED R 20.0 
LOHI R 2.0 
LOHI R 4.0 
LOHI R 6.0 
LOHI R 8.0 
LOHI R 10.0 
LOHI R 12.0 
LOHI R 14.0 
LOHI R 16.0 
LOHI R 18.0 
LOHI R 20.0 
HIHI R 2.0 
HIHI R 4.0 
HIHI R 6.0 
HIHI R 8.0 
HIHI R 10.0 
HIHI R 12.0 
HIHI R 14.0 
HIHI R 16.0 
HIHI R 18.0 
HIHI R 20.0 
LONO R 2.0 
LONO R 4.0 
LONO R 6.0 
LONO R 8.0 
LONO R 10.0 
LONO R 12.0 
LONO R 14.0 
LONO R 16.0 
LONO R 18.0 
LONO R 20.0 
HIHI R 2.0 
HIHI R 4.0 
HIHI R 6.0 
HIHI R 8.0 
HIHI R 10.0 
HIHI R 12.0 
HIHI R 14.0 
1.31 35.13 
1.43 44.52 
1.35 41.89 
1.29 39.43 
1.32 37.94 
1.27 34.30 
1.69 40.22 
1.25 32.98 
1.19 53.86 
1.37 14.30 
1.39 37.54 
1.49 44.17 
1.36 47.06 
1.37 38.29 
1.43 34.78 
1.43 33.64 
1.10 20.92 
1.21 26.62 
1.21 31.40 
1.29 44.91 
1.23 33.38 
1.38 37.63 
1.59 43.38 
1.35 28.77 
1.41 33.42 
1.50 33.25 
1.17 25.18 
1.27 32.11 
1.41 36.27 
1.25 34.47 
1.34 40.44 
1.20 36.89 
1.24 36.62 
1.38 38.55 
1.35 35.70 
1.43 36.40 
1.12 30.96 
1.13 32.72 
1.08 40.09 
1.11 32.59 
1.08 36.93 
1.26 40.83 
1.63 44.08 
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Table C.3. (Continued) 
Block Treat- State Depth 
# ment (in) 
Bulk Density 
(Mg/m®) 
Moisture content 
(m'/m') 
II HIHI R 16.0 1.23 31.23 
II HIHI R 18.0 1.59 38.68 
II HIHI R 20.0 1.41 33.29 
II LONG R 2.0 1.43 28.77 
II LONO R 4.0 1.52 35.00 
II LONG R 6.0 1.54 36.27 
II LGNG R 8.0 1.28 30.66 
II LONG R 10.0 1.47 35.48 
II LONG R 12.0 1.41 37.72 
II LONG R 14.0 1.30 39.17 
II LONG R 16.0 1.37 42.63 
II LONG R 18.0 1.41 40.66 
II LONO R 20.0 1.44 35.83 
II LOHI R 2.0 1.09 19.34 
II LOHI R 4.0 1.44 28.11 
II LOHI R 6.0 1.10 19.78 
II LOHI R 8.0 1.36 27.76 
II LOHI R 10.0 1.39 32.76 
II LOHI R 12.0 1.74 16.23 
II LOHI R 14.0 1.52 38.25 
II LOHI R 16.0 1.35 33.51 
II LOHI R 18.0 1.31 27.59 
II LOHI R 20.0 1.58 32.59 
II LOMED R 2.0 1.35 24.17 
II LOMED R 4.0 1.16 21.62 
II LOMED R 6.0 1.17 22.37 
II LOMED R 8.0 1.19 22.15 
II LOMED R 10.0 1.55 27.41 
II LOMED R 12.0 1.50 33.64 
II LOMED R 14.0 1.51 33.16 
II LOMED R 16.0 1.33 26.49 
II LOMED R 18.0 1.46 27.89 
II LOMED R 20.0 1.48 27.41 
III LOMED R 2.0 0.98 15.44 
III LOMED R 4.0 1.05 21.84 
III LOMED R 6.0 1.23 26.62 
III LOMED R 8.0 1.23 29.39 
III LOMED R 10.0 1.23 30.35 
III LOMED R 12.0 1.35 33.68 
III LOMED R 14.0 1.33 32.94 
III LOMED R 16.0 1.39 32.59 
III LOMED R 18.0 1.47 32.11 
III LOMED R 20.0 1.53 32.15 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m®) (m'/m^ ) 
III HIMED R 2.0 1.50 25.70 
III HIMED R 4.0 1.18 23.82 
III HIMED R 6.0 1.11 24.96 
III HIMED R 8.0 1.54 32.98 
III HIMED R 10.0 1.47 38.38 
III HIMED R 12.0 1.30 24.78 
III HIMED R 14.0 1.52 27.11 
III HIMED R 16.0 1.52 27.76 
III HIMED R 18.0 1.48 26.62 
III HIMED R 20.0 1.58 26.18 
III MEDNO R 2.0 1.13 20.39 
III MEDNO R 4.0 1.29 25.83 
III MEDNO R 6.0 1.15 26.49 
III MEDNO R 8.0 1.15 30.57 
III MEDNO R 10.0 1.43 35.44 
III MEDNO R 12.0 1.23 29.43 
III MEDNO R 14.0 1.49 34.43 
III MEDNO R 16.0 1.31 29.65 
III MEDNO R 18.0 1.44 31.97 
III MEDNO R 20.0 1.61 34.87 
III MEDHI R 2.0 0.95 15.96 
III MEDHI R 4.0 1.45 28.51 
III MEDHI R 6.0 1.19 24.82 
III MEDHI R 8.0 1.12 30.57 
III MEDHI R 10.0 1.41 37.76 
III MEDHI R 12.0 1.43 37.24 
III MEDHI R 14.0 1.49 35.92 
III MEDHI R 16.0 1.40 31.84 
III MEDHI R 18.0 1.53 34.56 
III MEDHI R 20.0 1.42 25.13 
III HIHI R 2.0 0.91 16.01 
III HIHI R 4.0 1.08 20.88 
III HIHI R 6.0 1.19 26.89 
III HIHI R 8.0 1.46 33.77 
III HIHI R 10.0 1.10 28.03 
III HIHI R 12.0 1.16 36.27 
III HIHI R 14.0 1.34 40.96 
III HIHI R 16.0 1.42 37.15 
III HIHI R 18.0 1.42 34.65 
III HIHI R 20.0 1.51 35.22 
III LONO R 2.0 0.93 18.07 
III LONO R 4.0 1.25 25.09 
III LONO R 6.0 1.36 29.65 
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Block Treat- State Depth Bulk Density Moisture content 
# ment (in) (Mg/m*) (m'/m') 
III LONO R 8.0 1.38 32.24 
III LONO R 10.0 1.48 39.39 
III LONO R 12.0 1.41 39.12 
III LONO R 14.0 1.39 37.41 
III LONO R 16.0 1.43 36.67 
III LONO R 18.0 1.45 36.23 
III LONO R 20.0 1.49 36.58 
III MEDMED R 2.0 1.08 27.24 
III MEDMED R 4.0 1.11 32.46 
III MEDMED R 6.0 0.96 28.90 
III MEDMED R 8.0 1.08 33.16 
III MEDMED R 10.0 1.43 41.58 
III MEDMED R 12.0 1.44 40.04 
III MEDMED R 14.0 1.45 37.54 
III MEDMED R 16.0 1.44 35.61 
III MEDMED R 18.0 1.57 37.28 
III MEDMED R 20.0 1.38 32.06 
III HINO R 2.0 1.09 24.47 
III HINO R 4.0 1.07 29.87 
III HINO R 6.0 1.13 33.20 
III HINO R 8.0 1.20 33.73 
III HINO R 10.0 1.48 39.43 
III HINO R 12.0 1.44 37.15 
III HINO R 14.0 1.48 37.50 
III HINO R 16.0 1.44 35.31 
III HINO R 18.0 1.54 36.84 
III HINO R 20.0 1.44 34.25 
III LOHI R 2.0 1.35 36.71 
III LOHI R 4.0 1.41 42.54 
III LOHI R 6.0 1.46 44.47 
III LOHI R 8.0 1.24 39.25 
III LOHI R 10.0 1.25 39.25 
III LOHI R 12.0 1.43 40.79 
III LOHI R 14.0 1.50 41.14 
III LOHI R 16.0 1.49 39.43 
III LOHI R 18.0 1.55 39.34 
III LOHI R 20.0 1.40 34.65 
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Table C.4. Raw data of cone index for nontrafficked, trafficked and loose 
plots of the field experiment 
Block Treatment Depth 
number (in) 
Cone Index (kPa) 
Nontrafficked Trafficked loosened 
MEDHI 2 93. 75 212.50 78.13 
MEDHI 4 156. 25 196.88 325.00 
MEDHI 6 428. 13 231.25 212.50 
MEDHI 8 478. 13 212.50 150.00 
MEDHI 10 303. 13 225.00 93.75 
MEDHI 12 362. 50 278.13 509.38 
MEDHI 14 453,13 571.88 590.63 
MEDHI 16 403. 13 571.88 578.13 
MEDHI 18 459. 38 728.13 618.75 
MEDHI 20 534. 38 450.00 615.63 
MEDNO 2 243. 75 462.50 12.50 
MEDNO 4 234. 38 334.38 56.25 
MEDNO 6 287. 50 450.00 203.13 
MEDNO 8 237. ,50 403.13 125.00 
MEDNO 10 262. 50 484.38 306.25 
MEDNO 12 331. 25 496.88 496.88 
MEDNO 14 468, ,75 568.75 487.50 
MEDNO 16 453. ,13 531.25 540.63 
MEDNO 18 562. ,50 562.50 625.00 
MEDNO 20 484, ,38 440.63 850.00 
MEDMED 2 112, ,50 262.50 3.13 
MEDMED 4 162, .50 265.63 28.13 
MEDMED 6 215, ,63 181.25 418.75 
MEDMED 8 325, .00 218.75 415.63 
MEDMED 10 243, .75 196.88 318.75 
MEDMED 12 281, ,25 215.63 453.13 
MEDMED 14 250, ,00 240.63 425.00 
MEDMED 16 256 .25 478.13 515.63 
MEDMED 18 556 .25 653.13 540.63 
MEDMED 20 593 .75 268.75 553.13 
LOHI 2 178 .13 296.88 50.00 
LOHI 4 228 .13 421.88 62.50 
LOHI 6 253 .13 418.75 62.50 
LOHI 8 334.38 481.25 281.25 
LOHI 10 209 .38 528.13 334.38 
LOHI 12 131 .25 412.50 340.63 
LOHI 14 125.00 690.63 193.75 
LOHI 16 415 .63 787.50 225.00 
LOHI 18 800 .00 812.50 465.63 
LOHI 20 937 .50 709.38 640.63 
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Block 
number 
Treatment Depth 
(in) 
Cone Index (kPa) 
Nontrafficked Trafficked loosened 
LONO 2 150.00 240.63 28.13 
LONO 4 215.63 262.50 131.25 
LONO 6 250.00 321.88 350.00 
LONO 8 331.25 356.25 465.63 
LONO 10 246.88 203.13 446.88 
LONO 12 265.63 284.38 306.25 
LONO 14 375.00 500.00 312.50 
LONO 16 506.25 703.13 440.63 
LONO 18 578.13 775.00 509.38 
LONO 20 643.75 809.38 578.13 
HIMED 2 246.88 234.38 131.25 
HIMED 4 150.00 268.75 184.38 
HIMED 6 206.25 368.75 215.63 
HIMED 8 275.00 334.38 225.00 
HIMED 10 478.13 334.38 318.75 
HIMED 12 525.00 303.13 365.63 
HIMED 14 578.13 521.88 490.63 
HIMED 16 734.38 553.13 615.63 
HIMED 18 828.13 565.63 640.63 
HIMED 20 993.75 490.63 831.25 
LOMED 2 271.88 225.00 84.38 
LOMED 4 256.25 390.63 300.00 
LOMED 6 237.50 406.25 221.88 
LOMED 8 231.25 403.13 212.50 
LOMED 10 243.75 318.75 278.13 
LOMED 12 325.00 500.00 359.38 
LOMED 14 528.13 587.50 446.88 
LOMED 16 593.75 528.13 375.00 
LOMED 18 675.00 553.13 418.75 
LOMED 20 740.63 750.00 515.63 
HIHI 2 456.25 453.13 6.25 
HIHI 4 456.25 540.63 6.25 
HIHI 6 590.63 587.50 18.75 
HIHI 8 565.63 543.75 25.00 
HIHI 10 415.63 625.00 18.75 
HIHI 12 487.50 706.25 103.13 
HIHI 14 437.50 693.75 128.13 
HIHI 16 578.13 500.00 300.00 
HIHI 18 621.88 593.75 306.25 
HIHI 20 678.13 678.13 331.25 
HINO 2 225.00 440.63 31.25 
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Block 
number 
Treatment Depth 
(in) 
Cone Index (kPa) 
Nontrafficked Trafficked loosened 
HINO 4 237.50 428. 13 46.88 
HINO 6 303.13 378. 13 162.50 
HINO 8 346.88 168. 75 115.63 
HINO 10 318.75 268.75 184.38 
HINO 12 287.50 503. 13 453.13 
HINO 14 525.00 571. 88 496.88 
HINO 16 687.50 487. 50 443.75 
HINO 18 559.38 496. 88 443.75 
HINO 20 600,00 596. 88 603.13 
LOMED 2 309.38 421. 88 28.13 
LOMED 4 437.50 584. 38 62.50 
LOMED 6 578.13 631. 25 62.50 
LOMED 8 446.88 778, ,13 240.63 
LOMED 10 409.38 803, ,13 281.25 
LOMED 12 500.00 637, .50 290.63 
LOMED 14 365.63 596, ,88 484.38 
LOMED 16 553.13 546, ,88 603.13 
LOMED 18 634.38 550, ,00 653.13 
LOMED 20 587.50 400.00 587.50 
LOHI 2 309.38 437, .50 40.63 
LOHI 4 303.13 603, ,13 68.75 
LOHI 6 428.13 593, ,75 156.25 
LOHI 8 515.63 590, .63 134.38 
LOHI 10 537.50 503, .13 234.38 
LOHI 12 525.00 615, .63 334.38 
LOHI 14 603.13 653, .13 253.13 
LOHI 16 493.75 603 .13 315.63 
LOHI 18 521.88 575 .00 581.25 
LOHI 20 584.38 593 .75 515.63 
HINO 2 365.63 306 .25 112.50 
HINO 4 450.00 415 .63 128.13 
HINO 6 481.25 334.38 43.75 
HINO 8 559.38 300 .00 28.13 
HINO 10 481.25 496 .88 106.25 
HINO 12 459.38 600.00 165.63 
HINO 14 518.75 671 .88 253.13 
HINO 16 525.00 631 .25 165.63 
HINO 18 481.25 531 .25 137.50 
HINO 20 537.50 518 .75 434.38 
MEDNO 2 181.25 443 .75 6.25 
MEDNO 4 250.00 478 .13 12.50 
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Block Treatment Depth Cone Index (kPa) 
number (in) 
Nontrafficked Trafficked loosened 
II MEDNO 6 275.00 521.88 59.38 
II MEDNO 8 384.38 515.63 56.25 
II MEDNO 10 240.63 396.88 184.38 
II MEDNO 12 453.13 515.63 246.88 
II MEDNO 14 596.88 640.63 368.75 
II MEDNO 16 640.63 675.00 487.50 
II MEDNO 18 568.75 631.25 537.50 
II MEDNO 20 621.88 646.88 565.63 
II LONO 2 303.13 381.25 50.00 
II LONO 4 393.75 453.13 159.38 
II LONO 6 487.50 515.63 175.00 
II LONO 8 503.13 665.63 106.25 
II LONO 10 509.38 612.50 315.63 
II LONO 12 409.38 656.25 215.63 
II LONO 14 400.00 646.88 465.63 
II LONO 16 675.00 790.63 556.25 
II LONO 18 871.88 987.50 637.50 
II LONO 20 771.88 1025.00 696.88 
II MEDHI 2 384.38 281.25 3.13 
II MEDHI 4 328.13 268.75 9.38 
II MEDHI 6 400.00 431.25 59.38 
II MEDHI 8 393.75 396.88 40.63 
II MEDHI 10 365.63 481.25 293.75 
II MEDHI 12 400.00 725.00 481.25 
II MEDHI 14 540.63 653.13 481.25 
II MEDHI 16 496.88 675.00 537.50 
II MEDHI 18 550.00 815.63 537.50 
II MEDHI 20 818.75 853.13 546.88 
II HIMED 2 381.25 368.75 175.00 
II HIMED 4 490.63 450.00 237.50 
II HIMED 6 440.63 284.38 243.75 
II HIMED 8 771.88 487.50 225.00 
II HIMED 10 593.75 334.38 250.00 
II HIMED 12 537.50 281.25 250.00 
II HIMED 14 568.75 278.13 212.50 
II HIMED 16 553.13 393.75 209.38 
II HIMED 18 584.38 715.63 300.00 
II HIMED 20 665.63 837.50 487.50 
II HIHI 2 337.50 281.25 68.75 
II HIHI 4 378.13 271.88 71.88 
II HIHI 6 440.63 215.63 50.00 
Table G.4. (Continued) 
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Block 
number 
Treatment Depth 
(in) 
Cone Index (kPa) 
Nontrafficked Trafficked loosened 
II HIHI 8 262.50 256.25 168.75 
II HIHI 10 325.00 503.13 159.38 
II HIHI 12 406.25 559.38 318.75 
II HIHI 14 625.00 615.63 350.00 
II HIHI 16 678.13 765.63 356.25 
II HIHI 18 881.25 787.50 521.88 
II HIHI 20 937.50 996.88 625.00 
II MEDMED 2 390.63 415.63 96.88 
II MEDMED 4 318.75 343.75 84.38 
II MEDMED 6 462.50 390.63 18.75 
II MEDMED 8 643.75 493.75 46.88 
II MEDMED 10 806.25 565.63 300.00 
II MEDMED 12 706.25 703.13 353.13 
II MEDMED 14 765.63 693.75 334.38 
II MEDMED 16 812.50 850.00 359.38 
II MEDMED 18 881.25 765.63 434.38 
II MEDMED 20 937.50 850.00 506.25 
III LOHI 2 162.50 193.75 12.50 
III LOHI 4 453.13 206.25 93.75 
III LOHI 6 687.50 221.88 125.00 
III LOHI 8 756.25 218.75 28.13 
III LOHI 10 734.38 231.25 78.13 
III LOHI 12 756.25 375.00 206.25 
III LOHI 14 806.25 440.63 225.00 
III LOHI 16 853.13 475.00 300.00 
III LOHI 18 806.25 390.63 365.63 
III LOHI 20 825.00 440.63 334.38 
III HINO 2 253.13 287.50 3.13 
III HINO 4 306.25 343.75 259.38 
III HINO 6 534.38 331.25 328.13 
III HINO 8 618.75 312.50 3.13 
III HINO 10 803.13 240.63 12.50 
III HINO 12 946,88 331.25 212.50 
III HINO 14 1143.75 546.88 271.88 
III HINO 16 1212.50 368.75 284.38 
III HINO 18 1212.50 746.88 287.50 
III HINO 20 1212.50 768.75 256.25 
III MEDMED 2 396.88 353.13 81.25 
III MEDMED 4 425.00 496.88 300.00 
III MEDMED 6 565.63 512.50 287.50 
III MEDMED 8 537.50 387.50 143.75 
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Block Treatment Depth Cone Index (kPa) 
number (in) 
Nontrafficked Trafficked loosened 
III MEDHED 10 456.25 378.13 190.63 
III MEDMED 12 340.63 559.38 303.13 
III MEDMED 14 393.75 596.88 296.88 
III MEDMED 16 421.88 706.25 334.38 
III MEDMED 18 884.38 831.25 368.75 
III MEDMED 20 940.63 1018.75 387.50 
III LONO 2 340.63 375.00 162.50 
III LONO 4 428.13 400.00 396.88 
III LONO 6 350.00 487.50 443.75 
III LONO 8 393.75 715.63 412.50 
III LONO 10 328.13 600.00 443.75 
III LONO 12 356.25 487.50 528.13 
III LONO 14 528.13 762.50 565.63 
III LONO 16 681.25 1168.75 528.13 
III LONO 18 643.75 1171.88 665.63 
III LONO 20 753.13 1168.75 631.25 
III HIHI 2 493.75 387.50 434.38 
III HIHI 4 371.88 359.38 412.50 
III HIHI 6 346.88 400,00 400.00 
III HIHI 8 462.50 528.13 350.00 
III HIHI 10 443.75 312.50 190.63 
III HIHI 12 571.88 321.88 246.88 
III HIHI 14 656.25 443.75 528.13 
III HIHI 16 853.13 740.63 681.25 
III HIHI 18 818.75 715.63 696.88 
III HIHI 20 953.13 893.75 734.38 
III MEDHI 2 853.13 362.50 6.25 
III MEDHI 4 437.50 368.75 21.88 
III MEDHI 6 484.38 381.25 93.75 
III MEDHI 8 359.38 590.63 153.13 
III MEDHI 10 403.13 531.25 175.00 
III MEDHI 12 346.88 556.25 268.75 
III MEDHI 14 506.25 718.75 346.88 
III MEDHI 16 675.00 759.38 356.25 
III MEDHI 18 656.25 840.63 400.00 
III MEDHI 20 684.38 853.13 465.63 
III MEDNO 2 425.00 350.00 6.25 
III MEDNO 4 584.38 281.25 9.38 
III MEDNO 6 565.63 346.88 21.88 
III MEDNO 8 371.88 421.88 21.88 
III MEDNO 10 337.50 446.88 125.00 
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Block Treat- Depth Cone index (kPa) 
number ment (in) 
Nontrafficked Trafficked Loosened 
III MEDNO 12 459.38 350.00 534.38 
III MEDNO 14 743.75 406.25 506.25 
III MEDNO 16 687.50 506.25 578.13 
III MEDNO 18 687.50 643.75 662.50 
III MEDNO 20 871.88 643.75 706.25 
III HIMED 2 306.25 478.13 81.25 
III HIKED 4 246.88 515.63 178.13 
III HIMED 6 331.25 428.13 125.00 
III HIMED 8 390.63 425.00 6.25 
III HIMED 10 34.38 571.88 278.13 
III HIMED 12 328.13 743.75 553.13 
III HIMED 14 350.00 753.13 643.75 
IJI HIMED 16 678.13 896.88 609.38 
III HIMED 18 800.00 896.88 684.38 
III HIMED 20 740.63 918.75 500.00 
III LOMED 2 484.38 606.25 12.50 
III LOMED 4 581.25 609.38 50.00 
III LOMED 6 575.00 640.63 87.50 
III LOMED 8 640.63 612.50 215.63 
III LOMED 10 884.38 690.63 403.13 
III LOMED 12 712.50 975.00 334.38 
III LOMED 14 781.25 715.63 253.13 
III LOMED 16 743.75 887.50 431.25 
III LOMED 18 765.63 631.25 521.88 
III LOMED 20 646.88 646.88 659.38 
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Table C.5. Raw data of tire sinkage depth measured with the surveyor's 
level 
Block Treatment Height on Height at Sinkage depth 
number soil surface the sinkage (cm) 
(cm) (cm) 
HINO 81.0 82.5 1.50 
HINO 80.8 82.5 1.70 
HINO 78.5 82.2 3.70 
HINO 78.5 83.0 4.50 
HINO 78.5 83.0 4.50 
HINO 80.2 83.8 3.60 
HINO 78.2 84.0 5.80 
HINO 79.0 82.8 3.80 
HINO 79.0 82.5 3.50 
HINO 79.0 83.2 4.20 
HIHI 90.2 94.5 4.30 
HIHI 89.0 94.8 5.80 
HIHI 89.5 95.1 5.60 
HIHI 89.8 94.0 4.20 
HIHI 90.5 93.9 3.40 
HIHI 89.2 93.9 4.70 
HIHI 89.0 94.0 5.00 
HIHI 89.2 92.0 2.80 
HIHI 88.3 91.8 3.50 
HIHI 88.8 91.8 3.00 
LOMED 112.2 112.8 0.60 
LOMED 111.7 113.2 1.50 
LOMED 112.1 113.2 1.10 
LOMED 112.2 113.5 1.30 
LOMED 113.0 114.7 1.70 
LOMED 112.2 114.4 2.20 
LOMED 114.2 116.8 2.60 
LOMED 113.4 115.2 1.80 
LOMED 113.0 115.0 2.00 
LOMED 113.4 114.9 1.50 
HIMED 114.4 119.0 4.60 
HIMED 116.3 121.1 4.80 
HIMED 118.6 123.0 4.40 
HIMED 120.0 125.1 5.10 
HIMED 123.2 126.4 3.20 
HIMED 123.8 129.1 5.30 
HIMED 125.2 130.5 5.30 
HIMED 125.7 130.0 4.30 
HIMED 126.3 131.4 5.10 
HIMED 126.4 131.5 5.10 
LONO 134.6 137.0 2.40 
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block Treatment Height on Height at Sinkage depth 
number the surface the sinkage (cm) 
(cm) (cm) 
I LONO 134.5 136.5 2.00 
I LONG 134.0 136.5 2.50 
I LONG 136.0 136.9 0.90 
I LONG 136.4 137.0 0.60 
I LONG 137.0 137.0 0.00 
I LGNG 137.0 138.5 1.50 
I LONG 137.0 138.8 1.80 
I LONG 137.2 138.4 1.20 
I LONG 138.0 139.0 1.00 
I LGHI 136.6 137.6 1.00 
I LGHI 136.5 137.4 0.90 
I LGHI 135.5 137.0 1.50 
I LGHI 135.4 137.0 1.60 
I LGHI 134.8 137.2 2.40 
I LGHI 135.5 136.7 1.20 
I LGHI 136.5 137.0 0.50 
I LGHI 131.0 132.5 1.50 
I LGHI 131.2 133.2 2.00 
I LGHI 130.2 132.0 1.80 
I MEDMED 135.5 138.5 3.00 
I MEDMED 135.2 137.8 2.60 
I MEDMED 134.5 137.3 2.80 
I MEDMED 133.4 137.0 3.60 
I MEDMED 133.7 137.0 3.30 
I MEDMED 134.8 139.0 4.20 
I MEDMED 136.0 138.6 2.60 
I MEDMED 136.5 138.5 2.00 
I MEDMED 132.2 134.0 1.80 
I MEDMED 132.8 134.2 1.40 
I MEDNG 112.0 116.3 4.30 
I MEDNG 114.4 117.3 2.90 
I MEDNG 114.5 120.1 5.60 
I MEDNG 114.8 118.5 3.70 
I MEDNG 115.8 120.6 4.80 
I MEDNG 117.5 121.1 3.60 
I MEDNG 118.5 122.7 4.20 
I MEDNG 118.9 125.5 6.60 
I MEDNG 121.4 125.6 4.20 
I MEDNG 124.0 126.6 2.60 
I MEDHI 126.1 129.9 3.80 
I MEDHI 125.8 130.0 4.20 
I MEDHI 124.0 127.3 3.30 
I MEDHI 122.6 125.7 3.10 
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Block Treatment Height on Height at Sinkage depth 
number soil surface the sinkage (cm) 
(cm) (cm) 
I MEDHI 122.5 125.0 2.50 
I MEDHI 121.4 123.6 2.20 
I MEDHI 117.1 121.4 4.30 
I MEDHI 117,0 119.4 2.40 
I MEDHI 114.0 116.8 2.80 
I MEDHI 112.0 113.8 1.80 
II LOMED 75.5 78.5 3.00 
II LOMED 75.5 78.0 2.50 
II LOMED 77.0 77.4 0.40 
II LOMED 75.5 77.0 1.50 
II LOMED 75.9 78.0 2.10 
II LOMED 76.4 77.4 1.00 
II LOMED 76.0 77.8 1.80 
II LOMED 76.0 78.0 2.00 
II LOMED 76.0 79.0 3.00 
II LOMED 76.0 78.0 2.00 
II LOHI 96.5 99.0 2.50 
II LOHI 96.4 98.6 2.20 
II LOHI 96.9 100.2 3.30 
II LOHI 89.5 92.0 2.50 
II LOHI 89.5 92.3 2.80 
II LOHI 89.4 92.6 3.20 
II LOHI 89.6 92.4 2.80 
II LOHI 89.0 91.4 2.40 
II LOHI 88.7 91,4 2.70 
II LOHI 91.5 92.8 1.30 
II HINO 110.5 114,4 3.90 
II HINO 110.8 114.8 4.00 
II HINO 110.2 115.2 5.00 
II HINO 110.6 115.8 5.20 
II HINO 109.4 115.4 6.00 
II HINO 112.1 115.0 2.90 
II HINO 110.6 115.4 4.80 
II HINO 111.2 116.0 4.80 
II HINO 110.7 116.4 5,70 
II HINO 110.4 116.2 5,80 
II MEDNO 130.4 133.0 2.60 
II MEDNO 127.1 130.8 3.70 
II MEDNO 127.2 130.0 2.80 
II MEDNO 126.9 130.9 4.00 
II MEDNO 127.0 131,1 4.10 
II MEDNO 127.0 130.8 3.80 
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Block Treatment Height on Height at Sinkage depth 
Number soil surface the sinkage (cm) 
(cm) (cm) 
MEDNO 129.9 132.8 2.90 
MEDNO 128.9 133.5 4.60 
MEDNO 129.7 133.9 4.20 
MEDNO 129.5 134.8 5.30 
LONG 155.6 157.3 1.70 
LONO 154.5 156.4 1.90 
LONO 154.3 155.8 1.50 
LONO 155.5 156.6 1.10 
LONO 154.4 156.8 2.40 
LONO 155.8 157.5 1.70 
LONO 155.2 157.0 1.80 
LONO 154.4 156.7 2.30 
LONO 155.7 156.9 1.20 
LONO 156.5 156.7 0.20 
MEDHI 164.9 167.9 3.00 
MEDHI 165.6 168.1 2.50 
MEDHI 164.9 168.4 3.50 
MEDHI 165.1 168.4 3.30 
MEDHI 165.0 166.1 1.10 
MEDHI 164.2 166.3 2.10 
MEDHI 161.6 164.3 2.70 
MEDHI 159.5 161.8 2.30 
MEDHI 158.5 160.8 2.30 
MEDHI 158.0 160.1 2.10 
MEDHI 156.3 162.2. 5.90 
HIMED 156.5 162.2 5.70 
HIMED 157.0 161.6 4.60 
HIMED 157.1 161.6 4.50 
HIMED 158.0 161.8 3.80 
HIMED 162.6 167.5 4.90 
HIMED 163.4 166.4 3.00 
HIMED 163.4 165.8 2.40 
HIMED 162.8 166.5 3.70 
HIMED 164.6 169.8 5.20 
HIHI 149.6 153.6 4.00 
HIHI 151.5 157.6 6.10 
HIHI 152.0 160.4 8.40 
HIHI 151.6 159.5 7.90 
HIHI 154.5 160.0 5.50 
HIHI 155.0 161.9 6.90 
HIHI 154.1 160.9 6.80 
HIHI 159.3 164.5 5.20 
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Block 
Number 
Treatment Height on Height at Sinkag 
soil surface the sinkage (cn 
(cm) (cm) 
HIHI 159.5 165.4 5.90 
HIHI 160.3 166.0 5.70 
MEDMED 144.5 147.2 2.70 
MEDMED 144.2 147.7 3.50 
MEDMED 144.0 148.2 4.20 
MEDMED 144.0 148.0 4.00 
MEDMED 144.4 148.6 4.20 
MEDMED 144.8 149.7 4.90 
MEDMED 145.9 149.5 3.60 
MEDMED 145.0 149.4 4.40 
MEDMED 147.1 152.0 4.90 
MEDMED 147.0 152.9 5.90 
LOMED 87.0 89.9 2.90 
LOMED 87.0 89.8 2.80 
LOMED 86.8 89.5 2.70 
LOMED 89.0 90.0 1.00 
LOMED 87.8 90.3 2.50 
LOMED 87.0 89.0 2.00 
LOMED 89.0 90.0 1.00 
LOMED 88.8 89.0 0.20 
LOMED 88.0 89.8 1.80 
LOMED 88.8 90.0 1.20 
HIMED 101.4 104.4 3.00 
HIMED 101.6 104.7 3.10 
HIMED 101.4 104.6 3.20 
HIMED 102.2 104.3 2.10 
HIMED 103.0 105.3 2.30 
HIMED 106.0 108.0 2.00 
HIMED 107.2 109.8 2.60 
HIMED 108.1 109.9 1,80 
HIMED 108.2 111.2 3.00 
HIMED 109.5 112.8 3.30 
MEDNO 116.9 120.5 3.60 
MEDNO 116.4 119.9 3.50 
MEDNO 116.0 119.8 3.80 
MEDNO 116.8 120.5 3.70 
MEDNO 117.2 121.0 3.80 
MEDNO 116.7 121.5 4.80 
MEDNO 116.0 121.5 5.50 
MEDNO 116.0 120.5 4.50 
MEDNO 117.5 120.4 2.90 
MEDNO 118.0 122.0 4.00 
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Block Treatment Height on Height at Sinkage depth 
Number soil surface the sinkage (cm) 
(cm) (cm) 
MEDHl 129.2 131.2 2.00 
MEDHI 129.8 132.0 2.20 
MEDHI 128.5 131.5 3.00 
MEDHI 129.1 131.9 2.80 
MEDHI 129.7 132.4 2.70 
MEDHI 130.5 132.8 2.30 
MEDHI 131.1 132.4 1.30 
MEDHI 131.0 133.6 2.60 
MEDHI 132.0 136.0 4.00 
MEDHI 132.5 135.7 3.20 
HIHI 145.4 153.3 7.90 
HIHI 147.1 151.8 4,70 
HIHI 146.5 150.5 4.00 
HIHI 146.4 150.2 3.80 
HIHI 146.0 150.3 4.30 
HIHI 147.5 150.9 3.40 
HIHI 147.4 151.3 3.90 
HIHI 146.6 150.8 4.20 
HIHI 146.0 149.8 3.80 
HIHI 147.1 152.0 4.90 
LONG 159.5 161.5 2,00 
LONO 160.0 161.2 1.20 
LONG 159.6 160.6 1,00 
LGNO 159.9 161.0 1,10 
LONG 156.5 158.2 1,70 
LGNG 155.5 157.5 2,00 
LGNG 157.4 158.0 0.60 
LONG 155.7 157.5 1.80 
LONG 156.7 157.5 0.80 
LGNG 156.7 158.3 1.60 
MEDMED 166.4 169.0 2,60 
MEDMED 166.8 169.4 2.60 
MEDMED 167.0 169.0 2,00 
MEDMED 166.2 169.9 3,70 
MEDMED 166.0 170.0 4.00 
MEDMED 166.0 170.4 4.40 
MEDMED 167.0 170.4 3.40 
MEDMED 166.0 169.8 3.80 
MEDMED 166.9 169.0 2.10 
MEDMED 168.0 169.0 1.00 
HING 163.8 167.5 3.70 
HING 164.1 167.6 3.50 
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Block Treatment Height on Height at Sinkage depth 
Number soil surface the sinkage (cm) 
(cm) (cm) 
HINO 165.4 167.4 2.00 
HINO 165.0 167.8 2.80 
HINO 166.6 170.2 3.60 
HINO 167.8 171.9 4.10 
HINO 167.7 170.8 3.10 
HINO 167.7 171.2 3.50 
HINO 164.3 166.6 2.30 
HINO 164.4 167.1 2.70 
LOHI 163.0 167.0 4.00 
LOHI 163.5 168.9 5.40 
LOHI 165.0 168.4 3.40 
LOHI 164.0 168.0 4.00 
LOHI 160.5 163.2 2.70 
LOHI 161.8 163.7 1.90 
LOHI 162.0 164.6 2.60 
LOHI 160.4 165.3 4.90 
LOHI 161.3 166.6 5.30 
LOHI 161.5 167.0 5.50 
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Table C.6. Raw data of sinkage depth and compaction depth of the field 
experiment 
Block Treatment Sinkage depth Compaction 
number (mm) depth 
(mm) 
HIHI 99.1 228.6 
HIMED 114.6 190.5 
HINO 95.0 177.8 
MEDMED 74.2 152.4 
MEDHI 72.9 203.2 
MEDNO 106.9 101.6 
LONO 40.1 76.2 
LOMED 74.2 127.0 
LOHI 34.5 177.8 
HIHI 150.4 304.8 
HIMED 110.2 177.8 
HINO 117.1 152.4 
MEDMED 77.5 127.0 
MEDHI 104.4 203.2 
MEDNO 91.7 152.4 
LONO 93.7 127.0 
LOMED 50.3 152.4 
LOHI 43.4 177.8 
HIHI 108.2 330.2 
HIMED 69.3 304.8 
HINO 81.5 152.4 
MEDMED 78.5 152.4 
MEDHI 77.0 203.2 
MEDNO 97.3 127.0 
LONO 100.8 50.8 
LOMED 48.8 203.2 
LOHI 37.8 203.2 
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APPENDIX D; ANALYSIS OF VARIANCE TABLES 
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Table D.l. Analysis of variance of bulk density as affected by soil water 
contents and applied stress for the laboratory experiment 
Source of variation d.f Anova SS F Value PR > F 
REP 2 0.0718 8.45 0.0004 
MC"" 2 1.1536 144.71 0.0001" 
LOAD* 4 0.1445 9.06 0.0001" 
MC*LOAD 8 0.0883 2.77 0.0217' 
REP*MC*LOAD 28 0.1116 0.94 0.5603 
DEPTH 4 0.1865 10.97 0.0001" 
MC*DEPTH 8 0.0712 2.09 0.0416" 
LOAD*DEPTH 16 0.0892 1.31 0.2008n.s. 
MC*LOAD*DEPTH 32 0.1390 1.02 0.447 5n.s. 
REP*MC*LOAD*DEPTH 64 0.5057 
"Significant at 1% level. 
"significant at 5% level. 
"Not significant. 
••Load - 42.10, 32.00 or 24.70 kN added load. 
"MC - 0.094, 0.160 or 0.206 Mg/Mg soil water content. 
130 
Table D.2. Analysis of variance of tire slnkage depth as affected by soil 
water content and stress applied for the laboratory experiment 
Source of variation d.f Anova SS F Value PR > F 
REP 2 49.03 1.26 0.2985 
MC" 2 4047.70 104.25 0.0001" 
LOAD'' 4 10286.32 132.46 0.0001" 
MC*L0AD 8 2647.11 17.04 0.0001** 
REP*MC*LOAD 16 543.58 
"significant at 1% level. 
"MC - 0.094, 0.160 or 0.206 Mg/Mg soil water content. 
L^oad - 42.10, 32.00 or 24.70 kN added load. 
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Table D.3. Analysis of variance of compaction depth as affected by soil 
water content and stress applied in the laboratory experiment 
Source of variation d.f Anova SS F Value PR > F 
REP 2 6473.11 8.62 0.0012 
MC'' 2 14709.65 19.58 0.0001** 
LOAD" 4 173454.85 115.46 0.0001** 
MC*LOAD 8 4394.26 1.46 0.2154n.s' 
REP*MC*LOAD 16 10516.11 
"Significant at .01 level. 
"Not significant. 
•"MC - 0.094, 0.160 or 0.206 Mg/Mg soil water content, 
load - 42.10, 32.00 or 24.70 kN added load. 
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Table D.4. Analysis of variance of the effect of stress applied on tire 
sinkage depth for the field experiment 
Source of variation d.f Anova SS F Value PR > F 
REP 2 1826.69 8.09 0.0004 
PRESS" 2 23929.80 106.04 0.0001'* 
LOAD'" 2 992.82 4.40 0.0132* 
PRESS*LOAD 8 6312.11 13.07 0.0001** 
REP*PRESS*LOAD 10 33061.42 
'Press - 165.5, 124.0 or 82.8 kPa inflation pressure. 
""Load - 42.10, 32.00 or 24.70 kN added load. 
'Significant at 5% level. 
"Significant at 1% level. 
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Table D.5. Analysis of variance of the effect of stress applied on 
compaction depth for the laboratory experiment 
Source of variation d.f Anova SS F Value PR > F 
REP 2 4743.12 1.97 0.1715 
TRT 8 83775.22 8.71 0.0001" 
REP*TRT 16 19235.67 
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Table D.6. Analysis of variance of the effect of stress applied on cone 
index for the field experiment 
Source of variation d.f Anova SS F Value PR > F 
REP 2 55012 .19 30.57 0.0001 
TRT 8 45297 .42 1.36 0.2869n.s' 
REP*TRT 16 66817 .10 4.64 0.0001 
STATE" 2 548980. 
03 
40.06 0.0001** 
TRT*STATE 16 61528 .98 0.56 0.8918 
REP*TRT*STATE 36 246658 .18 7.62 0.0001 
DEPTH 4 76729 .67 21.32 0.0001** 
TRT*DEPTH 32 29971 .44 1.04 0.4142 
STATE*DEPTH 8 11762 .17 1.63 0.1165 
TRT*STATE*DEPTH 64 52959 .12 0.92 0.6463 
REP*TRT*STATE*DEPTH 128 194341 .20 
'State - Compacted, uncompacted or loosened. 
"Significant at l%level. 
•"Not significant. 
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Table D.7. Analysis of variance of bulk density measured In the field 
experiment 
Source of variation d.f Anova SS F Value PR > F 
REP 2 0.18667 6.79 0.0014 
TRT 8 0.29870 2.02 0.1099 
REP*TRT 16 0.21245 1.23 0.2402 
STATE" 2 3,32016 94.36 0.0601 
TRT*STATE 16 0.52470 1.86 0.0613 
REP*TRT*STATE 36 0.36347 0.94 0.5792 
DEPTH 4 1.70694 31.02 0.0001' 
TRT*DEPTH 32 0.35882 0.82 0.7501 
STATE*DEPTH 8 0.54478 4.95 0.0001 
TRT*STATE*DEPTH 64 1.03411 1.17 0.1987 
REP*TRT*STATE*DEPTH 128 2.97110 
'State - Compacted, Uncompacted or Loosened. 
"Significant at 5% level. 
S^ignificant at 1% level. 
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Table D.8. Analysis of variance of sinkage depth measured with the 
ultrasonic sensor In the field experiment 
Source of variation d.f Anova SS F Value PR > F 
REP 2 216.70 0.50 0.6059 
PRESS* 2 8884.07 10.93 0,0010** 
LOAD'' 2 6493.57 7.99 0.0040** 
PRESS*LOAD 4 1970.00 2.28 0.3444 
REP*PRESS*LOAD 8 6504.04 
"Press - 165.5, 124.0 or 82.8 Inflation pressure. 
''Load - 42.10, 32.00 or 24.70 added load. 
**Slgnifleant at 1% level. 
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Table D.9. Analysis of variance of sinkage depth measured with the 
surveyor's level in the field experiment 
Source of variation d.f Anova SS F Value PR > F 
REP 2 1826.69 11.18 0.0001 
PRESS" 2 23929.80 146.43 0.0001" 
LOAD'' 2 992.82 6.08 0.0027** 
PRESS*LOAD 4 6312.11 19.31 0.0001** 
REP*PRESS*LOAD 8 9368.78 
— * — 
"Press - 155.5, 124.0 or 82.8 kPa inflation pressure, 
''load — 42.10, 32.00 or 24.70 kN added load. 
"Significant at 1% level. 
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Table D.IO. Analysis of variance of sinkage depth measured with both the 
surveyor's level and the ultrasonic sensor of the field 
experiments 
Source of variation d,f Anova MS F Value PR > F 
REP 2 1437.63 5.30 0.0054 
PRESS" 2 28375.30 104.60 0.0001** 
LOAD'' 2 3159.16 11.65 0.0001** 
PRESS*LOAD 4 2428.87 4.48 0.0015** 
REP*PRESS*LOAD 16 6105,22 2.81 0.0002 
DEVICE' 1 15770.11 116.26 0.0001** 
PRESS*DEVICE 2 1137.96 4.19 0.0157* 
LOAD*DEVICE 2 5625.71 20.74 0.0001** 
PRESS*LOAD*DEVICE 4 4605.34 8.49 0.0001** 
REP*PRESS*LOAD*DEVICE 18 8878.45 
"Press - 165.5, 124.0 and 82,8 kPa inflation pressure, 
''load - 42.10, 32,00 or 24,70 kN added load. 
'device - Surveyor's level or Ultrasonic sensor. 
'Significant at 5% level. 
"Significant at 1% level. 
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E.l. Log compaction depth vs. log sinkage depth for sandy loan soil 
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Figure E.2. Log compaction depth vs. log sinkage depth of a silty clay 
loam soil with 0.094 Mg/Mg water content for laboratory 
experiment 
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Figure E.3. Log compaction depth vs. log sinkage depth sllty clay loam 
soil with 0.160 Ng/Mg water content for laboratory experiment 
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Y = 1.51+ 0.46X RA2 = 0.98 
Log sinkage depth 
Figure E.4. Log compaction depth vs. log sinkage depth of a silty clay 
loam soil with 0.206 Mg/Hg water content for laboratory 
experiment 
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Y= 1.72+ 0.32X R/\2 = 0.82 
E.5. Log compaction depth vs. log sinkage depth of the composite 
data of the laboratory experiment 
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Figure E.G. Log compaction depth vs log slnkage depth of composite data 
of the field experiment 
\ 
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Table F.l. Slnkage depth measurements as affected by axle load and tire 
inflation pressure for the field experiment with surveyor's 
level and an ultrasonic sensor. 
Tire Total Surveyor's level Ultrasonic sensor 
inflation load on 
pressure rear tire Sinkage depth Standard Sinkage depth Standard 
(kPa) (kN) (mm) deviation (mm) deviation 
(mm) (mm) 
165.5 42.10 49.9 14.8 18.9 8.8 
32.00 38.4 11.8 17.8 9.2 
24.70 38.7 12.0 36.5 19.2 
mean 42.3 12.9 24.4 12.4 
124.0 42.10 28.2 9.5 20.1 13.5 
32.00 33.1 11.3 23.9 18.8 
24.70 40.2 9.3 27.3 23.2 
mean 33.8 10.1 23.8 18.5 
82.8 42.10 26.6 13.5 4.1 1.3 
32.00 17.9 7.7 9.3 3.3 
24.70 14.5 6.4 16.2 14.5 
mean 19.7 9.2 9.9 6.4 
42.10 34.5 12.6 14.3 7.9 
Mean 32.00 30.0 10.3 17.1 10.4 
24.70 31.1 9.5 26.7 18.9 
Over all 31.8 10.8 19.4 12.4 
mean 
